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Abstract 
 
Anisotropic metal nanoparticles have been successful used in a wide range of 
biomedical applications, such as diagnostics and therapy, because of their unique 
optical and electronic properties. Even though there is a wide range of morphologies 
synthetically available, the understanding of the mechanism behind the anisotropic 
growth of the nanoparticles is still incomplete. Regarding their application in 
diagnostics, metallic nanoparticle-based biosensors are facing new challenges, such 
as the discovery of novel circulating cancer biomarkers (e.g. cell-free DNA), which 
require sensitivities that cannot be achieved by traditional approaches. The research of 
this thesis covers current challenges in three specific areas found in the interface 
between bio- and nanoscience.  
(1) Colloidal synthesis, where a novel synthesis of gold nanorods (AuNRs) has been 
developed by the addition of Hofmeister salts into the growth solution. The thorough 
characterization of the surfactant micelles in the growth solution provided a better 
understanding of the role of the surfactant as symmetry breaking component in the 
anisotropic growth.  
(2) Diagnostics and disease prevention, where two new metal nanoparticle-based 
biosensors have been developed. The first one exploits the control of a 
photoresponsive fluid over the dimensions of anisotropic gold nanoparticles for UV 
exposure sensing and erythema prediction, where the nanoparticles are synthesized 
and used for sensing purpose at the same time. The second one is a AuNR-based 
biosensor for circulating cell-free DNA with inverse sensitivity, i.e. the lower the analyte 
concentration, the higher the response intensity.  
(3) Bio-inspired materials, where a hybrid system made of AuNR-DNA has been 
designed to study the sequence-specific binding between transcription factors and 
DNA. This system has been further expanded to build a versatile multi-logic gate 
platform, capable of performing six different logic operations. Finally, the use of 
alternative plasmonic nanomaterials for sensing and bio-inspired materials has also 
been explored.  
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AgNP Silver nanoparticle 
AP-2 Activating enhancer binding protein 2 gamma 
AR Aspect ratio 
AuNC Gold nanocluster 
AuNP Gold nanoparticle 
AuNR Gold nanorod 
AuNS Gold nanostar 
AuNW Gold nanoworm 
BSA Bovine serum albumin 
cfDNA Cell-free DNA 
Cryo-TEM Cryo-transmission electron microscopy 
CCPE Cationic conjugated polyelectrolyte 
CPE Conjugated polyelectrolyte 
CTAB Hexadecyltrimethylammonium bromide 
DH Hydrodynamic diameter 
DLS Dynamic light scattering 
DMF N,N-dimethylformamide 
DMSO-d6 Deuterated dimethyl sulfoxide 
DNA Deoxyribonucleic acid 
dsDNA Double stranded DNA 
ER Estrogen receptor  
ERE Estrogen receptor element 
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FFT Fast Fourier transform 
FoxA1 Forkhead boxA1 
FP Fluorescence polarisation 
FRET Förster resonance energy transfer 
FTIR Fourier transform infrared 
GO Graphene oxide 
His-MBP Hexahistidine-tagged maltose-binding protein 
HR-TEM High-resolution TEM 
IR Infrared 
Kd Dissociation constant 
LOD Limit of detection 
LSPR Localised surface plasmon resonance 
L-LSPR Longitudinal LSPR 
MED Minimal erythemal dose 
MNC Metal nanocluster 
MNP Metal nanoparticle 
NMR Nuclear magnetic resonance 
OMCA ortho-methoxycinnamic acid 
PEG Polyethylene glycol 
PRET Plasmon-resonance energy transfer 
PVP Poly(vinylpyrrolidone) 
SED Standard erythemal dose 
SERS Surface enhanced Raman spectroscopy 
SNR Signal-to-noise ratio 
SPR Surface plasmon resonance 
ssDNA Single stranded DNA 
TEM Transmission electron microscopy 
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TO Thiazole orange 
UV Ultraviolet 
UVR UV radiation 
XRD X-ray diffraction 
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Introduction 
 
 
A general introduction to the properties of noble metal nanoparticles, the synthesis of 
different nanoparticle morphologies, their applications in sensing and bioresponsive 
materials and the aim of this thesis are given in this chapter.  
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1.1 Noble metals in medicine  
 
Noble metals have been used in medicine through the history of civilization.1,2 For 
instance, Egyptians were already using gold in dentistry around 4500 years ago,3 
Persians used to stock clean water in silver containers in order to avoid contamination4 
and the Hippocratic corpus, i.e. an ancient medical Greek book written in 5th century 
B.C., described the use of wire gold in jaw fractures.5 
The modern use of gold and silver in medicine started in the last decade of 19th 
century, when Dr Koch proved that gold cyanide could be used to inhibit the growth of 
tuberculosis bacillus in vitro.6 Nevertheless, only after Dr Møllgaard’s in vivo studies in 
the 20s,7 the antibacterial capacities of gold salts were fully accepted.8 Short after 
Møllgaard works were published, gold salts and colloid solutions were discovered to be 
effective against rheumatoid arthritis.9,10 Even though the exact mechanism of action is 
still unknown, these solutions remain being used for arthritis and other inflammatory 
disease treatment.11 
The important progress in colloidal and surface chemistry during the past couple 
decades has result on a significant volume of basic and applied research of metal 
nanoparticles.12,13 Those present size-related optical and electronic properties14 and a 
wide-range of applications,12 from photonics to bioscience. In the last years, gold and 
silver nanoparticles have become building blocks for a new generation of analytical and 
medical technologies,15,16 which can play a key role in the next biomedical revolution. 
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1.2 Localised surface plasmon resonance 
 
The unique optical and electronic properties of metal nanoparticles (MNP) are the 
result of the collective oscillation of the conduction band electrons when perturbed by 
an external electromagnetic radiation.17 This pushes away the electron cloud from its 
equilibrium position, inducing a surface polarization that promotes the oscillating 
movement and restores the system’s equilibrium (Fig. 1.1).  This phenomenon occurs 
at very specific light frequencies and it is called localised surface plasmon resonance 
(LSPR).18 The first quantitative explanation of LSPR appeared in 1908, when Gustav 
Mie solved Maxwell’s electromagnetic equations for small spherical gold particles.19 
Despite that pioneer work, the interest for the unusual optical properties of MNP did not 
reach widespread popularity until two decades ago, when different morphologies where 
finally accessible through newly developed synthetic techniques.20,21 That new colloid 
chemistry combined with computing improvements, provided a deeper understanding 
and refreshed interest on the interaction between MNP and light.  
 
Fig. 1.1. Schematic representation of electron collective oscillation with incident electromagnetic field.
22
 
 
The LSPR is sensitive to many parameters, such as size and shape of the 
nanoparticle,23 refractive index of the surrounding medium,24 ligands on the surface,25 
temperature,26 and interparticle distance.27,28 Depending on the nanoparticle’s size and 
shape, the energy of excited plasmons is released by radiative (i.e. scattering of light) 
or non-radiative paths.29 The non-radiative paths include the production of heat, if the 
nanoparticle is isolated, or electron transfer to adsorbed entities (e.g. doping of 
semiconductors).  
Strong far- and near-field effects are produced when the plasmon is excited. The first 
defines the extinction, scattering and absorption cross section of the nanoparticles. The 
later affects the surface close vicinity, changing the way particles interact with nearby 
molecules or other particles. Those near-field effects are widely used in several 
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analytical techniques, such as surface enhanced Raman spectroscopy (SERS)30 or 
fluorescence enhancement.31 The plasmon fields in nanoparticles are more sensitive to 
distance (i.e. they scale as 1/r3, where r is distance from the metal surface) than in bulk 
metal (i.e. scale as 1/r).32 This strong distance-dependency confines the 
electromagnetic field around the nanoparticle, becoming a very localised and high-
density phenomenon (Fig. 1.2a). When two nanoparticles are placed in close proximity 
(i.e. distances below half nanoparticle diameter) their LSPR couple, changing the 
behaviour of the plasmon and producing hot spots in the nanoparticle gap (Fig. 1.2b 
and Fig.1.2c).33 The stronger electromagnetic field in the nanogap can be used in 
different ways, such as obtaining more intense Raman scattering signals, which can 
reach single-molecule sensitivity.34  
 
Fig. 1.2. Simulation of electromagnetic field (V/m) for (a) single gold nanoparticle and (b) gold nanoparticle dimmer with 
incident 633 nm wavelength light. (c) Dimer gap distance dependency of field enhancement.
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1.3 Synthesis of MNPs 
 
Gold, silver and copper are attractive candidates for optical technologies because their 
LSPR band is found in the visible region, in comparison to transition metals, whose 
plasmon band lies in the UV region.36 Nevertheless, since copper is easily oxidized,37 
most MNP work has been focused on gold and silver. 
The most common strategy in the synthesis of MNP is the salt-reduction. In this 
approach, a soluble metal salt is reduced by a reducing agent in the presence of a 
stabilizing component, which tailors the growth of the crystal and prevents from 
aggregation and precipitation.  
 
Fig. 1.3. TEM images and absorbance spectra of polymer-coated gold nanoparticles with (a) spherical, (b) rod and (c) 
star morphology.
38
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Gold nanoparticles of various shapes (Fig. 1.3) are extensively used in nanosciences 
due to their reliable syntheses with high control over shape and size, high surface-to-
volume ratio and easy functionalization.15 
 
1.3.1 Spherical gold nanoparticles (AuNPs) 
 
Spherical AuNPs are frequently obtained through Turkevich method.39 In this, Au3+ 
salts are reduced to Au0 by citrate at 100 °C. Then, the metallic gold nucleates yielding 
small AuNPs (~2-4 nm), which aggregate rendering larger particles with diameters 
around 20 nm. Interestingly, no further stabilizing is required since citrate acts as both 
reducing and capping agent. Further studies proved that the nanoparticle diameter 
could be adjusted from 20 to 60 nm by changing the molar ratio between gold and 
citrate.40,41 Although Turkevich original method dates back from 1951, the growth 
mechanism of the particles is still not fully understood, being the subject of several 
recent studies.42,43 
Another popular synthesis of AuNPs is the Brust-Schiffrin method. Au3+ cations (from 
HAuCl4) are reduced by NaBH4 in a two-phase (water/toluene) system, in the presence 
of alkanethiol. The nanoparticles grow in the toluene phase with diameters ranging 
from 1 to 3 nm.44 This method takes advantage of the strong interaction between gold 
and thiol group, which provides better colloidal stability. Different nanoparticle’s sizes 
have been obtained by changing the initial reaction conditions45 or replacing the 
alkanethiol for other thiolated ligands.46–48 It is worth to mention that water soluble 
AuNPs can be obtained by using tiopronin,49 Bunte salt derivates50,51 or thiolated 
tetraethylene glycole derivate48 as capping ligands. In addition, an alternative protocol 
has been published, translating this method into one-phase system.52 Lastly, recent 
progress has combined Brust-Schiffrin method with seed-mediated strategy to obtain 
monodisperse AuNPs with diameters up to 300 nm.53,54  
 
1.3.2 Gold nanorods (AuNRs) 
 
AuNRs are one of the most common MNPs used for biological applications. The main 
reason is their customizable longitudinal LSPR (L-LSPR) band, which can be easily 
shifted (Fig. 1.4) in the NIR optical window (i.e. range of wavelengths (700 – 900 nm) 
that present maximum depth penetration in biological tissues). In addition, AuNRs 
present stronger NIR absorption than other morphologies and scatter light at smaller 
sizes.23  
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Fig. 1.4. Calculated normalized absorption (/NV) spectra of gold nanorods (elongated ellipsoids) with different aspect 
ratios (R) and dielectric constant of the medium of 2.05.
55
  
 
AuNRs are usually synthesized through seed-mediated method.56,57 This is a two-step 
protocol, where a seed solution is initially prepared by the fast reduction of HAuCl4 by 
NaBH4. Then, the seeds are used in a second solution (growth solution) as nucleation 
points for the slow reduction of gold salts by ascorbic acid in the presence of 
hexadecyltrimethylammonium bromide (CTAB). Murphy et al. were the first to report 
the seed-mediated protocol, using citrate-capped penta-twinned AuNPs as seeds.56 
Later, El-Sayed et al. improved the method by using CTAB-capped single crystal 
AuNPs as seeds and growing the rods in the presence of AgNO3.
57 Over the years, 
several approaches have been developed in order to improve the quality of the rods. 
One of the most successful is modifying the rheological behaviour of the surfactant by 
the addition of organic58 or inorganic salts.59 Those additives change the CTAB micellar 
packing, increasing the monodispersity of the crystals. Alternatively, replacing the 
ascorbic acid or the CTAB for other reducing agents60,61 or ligands62,63 have also 
enhanced the results of the seed-mediated protocol.  
 
1.3.3 Gold nanostars (AuNSs) 
 
AuNSs are composed of a spherical core and several protruding tips.64 The optical 
behaviour of the AuNSs is the combination of the two components, with a small 
plasmon band originating from the core and a big one from the tips. Interestingly, the 
position of the main plasmon band strongly depends on the aperture angle and 
roundness of the tips but little on their number.65 The AuNSs are synthesized by seed-
Chapter 1 
 
 29 
mediated method. In early protocols, the gold salts were reduced by NaBH4 in the 
presence of CTAB and seeds.64 The stability of the resulting stars could be improved 
by functionalizing them with polyethylene glycol (PEG).66 Since then, a new seed-
mediated protocol with high-yield has been developed, where HAuCl4 is reduced in a 
concentrated solution of poly(vinylpyrrolidone) (PVP) in N,N-dimethylformamide (DMF) 
and gold seeds.65 The main LSPR induce a strong field enhancement near the tip’s 
end.67 This has been used to enhance the SERS signal and decrease the detection 
levels down to zeptomolar.68 
 
1.3.4 Spherical silver nanoparticles (AgNPs) 
 
Turkevich method has also been applied for the growth of other MNPs beyond gold.69–
71 Similarly to the synthesis of AuNPs, citrate acts as both reducing agent and ligand in 
the synthesis of AgNPs.72 While Turkevich protocol yields small and spherical AuNPs, 
this method produces silver nanoparticles with different shapes and larger sizes (i.e. 
diameters around 60 nm). The shape purity of the resulting AgNPs can be enhanced 
by dividing the crystal growth in a two-step procedure, where the nucleation and growth 
phases are performed at high and low pH, respectively.73 Early since the publication of 
the first synthetic protocols, AgNPs were successfully used as substrate for SERS 
measurements.69,71 Another synthetic route to grow AgNPs includes oleylamine-liquid 
paraffin system.74 In recent years, several silver nanostructures have been obtained by 
polyol method, where silver nitrate is reduced with ethylene glycol in the presence of 
PVP.75 The final morphology of the nanoparticles can be adjusted by changing the 
molar ratio between AgNO3 and PVP.
76  
 
1.3.5 Gold (AuNCs) and silver nanoclusters (AgNCs) 
 
Metal nanoclusters (MNCs) are a subclass of MNPs that belong to luminescent 
materials. MNCs are made of few to hundreds of atoms with particle sizes smaller than 
2 nm.77,78 They present discrete electronic states as a result of strong quantum 
confinement effects79 (due to the sub-2 nm sizes) and strong interaction with ligands.80 
Thus, MNCs present molecule-like behaviour, such as HOMO-LUMO transitions,81 
strong fluorescence82,83 and quantized charging.84 Those properties make them ideal 
candidates for catalysis85–87 and optical technologies.88,89 The ligand selection in the 
growth of MNCs is essential to stabilize them and avoid the formation of larger 
particles. Furthermore, the metal-ligand interaction also affects the final emission of the 
MNCs.90 Since the interaction between thiol groups and gold and silver is very strong, 
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thiolated small molecules are frequently used as stabilizers. A standard synthetic 
protocol includes the reduction of gold or silver salts with NaBH4 in the presence of a 
thiolated molecule. Some of the most commonly used ligands are glutathione,91–93 
tiopronin,94 phenylethylthiolate95 and thiolated-cyclodextrin.96 Alternatively 
dendrimers97,98 or biological macromolecules, such as DNA,99,100 proteins or 
peptides101,102 have also been used as templates to grow MNCs. 
 
1.3.6 Others 
 
In recent years, aluminium has emerged as a plasmonic candidate for applications 
involving the UV and visible regions of the spectrum instead of gold and silver.103–106 
Gold presents two interband transitions at ~470 and ~330 nm,107 which act as 
dissipative channels for the plasmon at high energies.108 On the other hand, silver 
supports LSPR in the UV-visible region, however it has relatively low chemical 
stability.108 The combination of current technology, which is capable of easily process 
aluminium, and the low price and high abundance of this metal have increased the 
interest in the use of aluminium nanoparticles in several analytical fields, such as 
SERS109 and fluorescence enhancement-based biosensors.110,111 
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1.4 Sensing applications 
 
MNPs have been used in many sensing applications due to their ability to absorb 
and/or scatter light in their LSPR frequencies, which can be customized in the visible 
and near infrared (IR) regions of the spectrum.16 The nanoparticles with LSPR found in 
the visible range are ideal probes for point-of-care diagnostics, since they can be 
detected by naked eye or inexpensive instruments. On the other hand, nanoparticles 
that absorb or scatter light in the near IR can be used to detect analytes in biological 
samples, because their LSPR is located within the biological optical window. 
Most sensing techniques are based on analyte-triggered changes in nanoparticle’s 
optical properties. Alternatively, the optical properties of ligands (e.g. fluorescent 
probes or Raman tags) that interact with the core of the nanoparticle are used to 
generate sensing signals. 
 
1.4.1 LSPR-based detection 
 
The sensitivity of the LSPR to several factors has been used to build different types of 
MNP-based biosensors. Those can be classified in two groups: Aggregation-based or 
refractive index sensors. 
 
 Aggregation-based sensors 1.4.1.1
 
The aggregation of the nanoparticles causes inter-particle plasmonic coupling that 
renders a change in the solution’s colour (i.e. from red to blue in the case of AuNPs) as 
the LSPR band red-shifts (Fig. 1.5a and Fig. 1.5b).112 The colour change can be 
induced by any analyte that directly or indirectly aggregates (or disaggregates) the 
nanoparticles, and thus serves as a measure of the presence of specific analytes.113–115  
Early aggregation-based designs date back from 1990’s and were initially focused on 
the detection of single-stranded oligonucleotides. Two sets of AuNPs were 
functionalized with two probe strands, and the hybridization between the probes and a 
target that contained complementary sequences to the two probes triggered the 
nanoparticles aggregation.117 Mirkin et al. were able to obtain sensitivities down to 
femtomolar with those designs.117 Functionalization of AuNPs with antibodies allowed 
to detect other antigens such as proteins. This was the principle behind the pregnancy 
tests commercialized by Carter-Wallace in the early/mid 90’s.118 AuNPs were 
functionalized with antibodies to hCG (i.e. a glycoprotein hormone released by the 
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embryo during the pregnancy) and placed on a latex lateral flow strip. This was the first 
commercial AuNP-based sensor and still commercially available, sold by Church and 
Dwight.  
 
Fig. 1.5. (a) Scheme of analyte-triggered gold nanoparticle aggregation and (b) its corresponding change on the 
nanoparticle optical properties. (c) Scheme of the analyte binding to gold nanoparticles and (d) change on the 
differential extinction spectra at 600 nm, due to the variation of the dielectric constant of the nanoparticle 
surroundings.
116
   
   
Thanh et al. developed an AuNP-based aggregation test for the quantification of anti-
protein A in both water and serum.119 This presented similar sensitivity levels to 
traditional ELISA assays but easier protocol and shorter experimental times. Hirsch et 
al. replaced the spherical nanoparticles for near IR absorbing gold nanoshells, which 
allowed them to detect immunoglobulins within complex samples such as serum and 
whole blood.120  
Since Mirkin et al. early reports, aggregation-based assays have become one of the 
most studied MNP-based designs. They present several key advantages such as label-
free protocols, homogeneous solution assays and detection by naked eye or low cost 
instruments.16 Nevertheless, they still present few issues that hinder their application in 
complex matrix, such as variable nanoparticle stability under changes of pH, 
temperature or ionic strength.16 The future improvements on nanoparticle colloidal 
stability will define the limits of MNP aggregation-based designs. 
 
 Refractive index sensors 1.4.1.2
 
Refractive index sensors are based on the change of the dielectric constant of the 
nanoparticle’s vicinity by the analyte. The relation between the LSPR and 
nanoparticle’s local environment is described by the following equation (Eq. 1.1).121 
Chapter 1 
 
 33 
 
            [     (
   
  
)] (Eq. 1.1) 
where m is the nanoparticle’s bulk refractive index, ∆n is the change of the refractive 
index caused by the adsorbate, d is the effective thickness of the adsorbate layer, and 
ld is the characteristic electromagnetic-field-decay length. This effect is distance 
dependent. Therefore, the analyte has to be located in close proximity to the 
nanoparticle surface to effectively change the refractive index of the surroundings and 
shift the position of the LSPR band. 
The first designs of refractive index sensors were developed in the early 1980s and 
were used to study events on metal surfaces122 and gas sensing.123 Most common 
designs employ a thin gold surface as plasmonic nanostructure.124 Nevertheless, 
several alternatives using AuNPs,125 gold nanocrosses,126 gold nanoholes127 or silver 
triangles128 have been developed in order to improve the technique’s sensitivity. While 
all those designs are heterogeneous assays, Englebienne et al. proved that 
homogeneous assays could also be performed by coating the AuNPs with a single 
antibody.129,130 The nanoparticles remained in solution after binding to the analyte but 
their LSPR band shifted due to the change on the environment refractive index. One 
advantage of homogeneous designs is that the interactions between molecules depend 
on radial diffusion. This presents faster mass transfer than planar diffusion, which is the 
main mass transport mechanism when using macroscopic sensing devices, such as 
SPR. The faster mass transfer allows faster sensing measurements and better 
characterisation of rapid kinetic events.  
 
1.4.2 Surface enhanced Raman spectroscopy (SERS) sensors 
 
The physical principle behind this technique is the Raman scattering, i.e. inelastic 
scattering of electromagnetic radiation by a target molecule.131 Since Raman scattering 
depends on the vibrational modes of the molecule, its signal is characteristic for every 
target.132 Nevertheless, the low efficiency of inelastic scattering of photons hinders the 
application of this technique for analyte detection and quantification.133 The intensity of 
Raman scattering can be highly enhanced by placing the analyte near to a metal 
surface, whose plasmon field is excited.133 This approach is called SERS. Additionally, 
indirect assays can also be performed by using Raman-active dyes as signal 
transducers, where their signal is influenced by the analyte.134 Isolated AuNPs have 
been reported enhancing the signal up to 103 – 104 and aggregated nanoparticles up to 
1015,135 which allows single molecule detection.136,137 The formation of hot spots 
between near AuNPs, where their plasmon fields are coupled, is accounted for the big 
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scattering enhancements. Interestingly, theoretical experiments indicate that field 
effects on hot spots can only enhance the SERS signal up to 1010.138 Therefore, an 
additional factor besides the electromagnetic field has to play a role on the SERS 
signal generation. Otto and Persson proposed a chemical factor, where the ballistic 
electrons in the metal interact with a strongly chemisorbed molecule.139,140 
 
1.4.3 Fluorescence-based detection 
 
Fluorescence is one of the most well-established techniques in sensing and biomedical 
diagnostics.141 However, there is still a need for improving its sensitivity.142 There are 
several factors that limits its clinical application, such as photobleaching of 
fluorophores143 and autofluorescence of the luminescent samples.144 Modifying the 
emission behaviour of fluorophores by coupling them with a metal surface has been 
applied to overcome those limitations.142  
 
 Plasmon-resonance energy transfer (PRET) sensors 1.4.3.1
 
When a donor (e.g. organic dye or quantum dot) is placed near a metal surface, a 
resonant energy transfer occurs in similar way to Förster resonance energy transfer 
(FRET).145 In addition to the energy transfer, the plasmon also affects the donor 
radiative lifetime.145 Both effects contribute to the strong fluorescence quenching, which 
can be described by the Gersten-Nitzan model.146 Even though FRET and PRET have 
similarities, they also present significant differences: PRET shows stronger quenching 
efficiency, due to the greater molar extinction coefficient of the plasmonic nanoparticles 
in comparison to organic dyes.29  FRET occurs in a distance range from 1 to 10 nm 
between the donor and acceptor, while PRET can double that distance.147 
Photoluminescence and luminescence lifetime experiments have proved that the 
quenching fluorescence of PRET decreases with a metal-dye separation of 1/d4, while 
traditional FRET does with a donor-acceptor distance of 1/d6.148 
A wide group of PRET sensors have been designed by combining MNPs with different 
kind of donors, such as organic dyes,149,150 quantum dots,151–153 metal 
nanoclusters154,155 and conjugated polyelectrolytes.156,157 Those have been applied for 
the sensing of metal ions,149,158 small molecules,159,160 proteins,161 bacteria162 and 
tracking molecular events, such as protein-DNA binding.156 Interestingly, PRET has 
been used in molecular beacons for DNA sensing.163 In this, the extremes of a self-
complementary probe with hairpin structure are functionalized with a donor and a MNP. 
The hairpin structure locates the donor near the nanoparticle, yielding a strong 
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fluorescence quenching. Upon probe hybridization with the target, the hairpin structure 
opens in a rod-like conformation and separates both donor and acceptor (Fig. 1.6). The 
fluorescence is restored and the intensity depends on the target concentration. This 
system can also be used to monitor the cleavage of nucleotides by nucleases.164 
 
Fig. 1.6. Scheme of molecular beacon exploiting PRET principle for DNA sensing.
15
 
 
 
 Metal-enhanced fluorescence sensors 1.4.3.2
 
In some situations, the electromagnetic coupling between a metal nanoparticle and a 
fluorophore yields additional de-excitation pathways, which may enhance the 
fluorophore’s excitation rates and/or the radiative decay rates that in turn result in 
fluorescence enhancement.165–167 Both plasmon-induced quenching and fluorescence 
enhancement compete and are distance dependent phenomena. At short distances, 
the energy transfer between the fluorophore and plasmon dominates.168 However, at 
specific distances from the metal surface the energy transfer is highly reduced, while 
the electromagnetic field is still strong enough to enhance the fluorescence.169,170 A 
distance range between 10 – 20 nm from the metal surface has been reported 
presenting the strongest fluorescence enhancement.168 Additionally, the plasmon band 
overlapping the fluorophore’s emission and absorbance bands is also required for 
maximum enhancement.165 Regarding the role of the size and morphology of 
nanoparticles, the particles with larger scattering cross-section present higher 
fluorescence enhancement.171,172  
Even though metal-enhanced fluorescence sensors are not as common as PRET 
sensors, some homogeneous assays using this mechanism have been developed for 
the detection of biomolecules, such as DNA173 or proteins.174  
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1.5 MNPs in other bioresponsive technologies 
 
A current trend in bioscience and bioengineering is to mimic and apply mechanisms 
and processes that occur in living organisms to technology.175 For instance, the surface 
of metal nanoparticles can be functionalized with oligonucleotides117,120 or antibodies176 
to control their aggregation upon biological stimuli. As previously described, this 
principle has been widely used in biosensing and analytical science.15 Nevertheless, 
there are other emerging fields in nanotechnology that exploit similar biomolecular 
recognition events, such as smart drug delivery,177–179 imaging29 or 
nanocomputing.180,181 
Examples of those works include hollow and porous gold nanoparticles filled with cargo 
molecules, which are released upon biological interaction for smart drug release,178,179 
or using the change on the optical properties of gold nanoparticles upon addition of 
biological inputs for performing logic operations.180 
Besides those examples, transferring all the knowledge acquired over the time from 
biosensing to other biotechnological fields is still a challenge and further work has to be 
done. 
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1.6 Objectives 
 
The main goal of this thesis is to develop novel applications of metal nanoparticles in 
the field of biosensing and bioresponsive materials. This is divided in the following 
specific objectives: 
 
- Design new syntheses of metal nanoparticles for precise control over their 
optical properties and morphologies.  
- Build new metal nanoparticle-based systems for disease prevention. 
- Develop metal nanoparticle-based biosensors for the analysis of novel cancer 
biomarkers and molecular events. 
- Apply the biological interactions exploited in the biosensors to other 
bioresponsive technologies. 
- Expand the biosensing principles to other plasmonic nanomaterials.   
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 Chapter 2 
 
 
Characterisation Techniques 
 
 
This chapter describes the common characterisation techniques used for the physical 
properties determination of the colloidal systems involved in this thesis. Specific details 
are described in the experimental section of each chapter. 
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2.1 UV-Vis spectroscopy 
 
UV-Vis spectroscopy measures the sample electromagnetic radiation absorbance in 
the visible region and the surroundings (i.e. near-ultraviolet and near-infrared). The 
absorbed light pumps electronic transitions from the ground to the excited states. The 
attenuation of light that goes through a material can be described by the Beer-Lambert 
law (Eq. 2.1).182 
 
      (
  
 
)        (Eq. 2.1) 
where A is the absorbance, I0 and I are the incident and transmitted intensities of light 
at a specific wavelength, respectively,  is the molar absorptivity of the studied species, 
c is its concentration and L is the path length. 
  
Sample preparation and measurements 
 
The UV-Vis absorbance of the liquid samples was recorded with a spectrometer (the 
specific model is specified in the Experimental section of every chapter). The 
background absorbance was recorded before the sample’s analysis and used as 
baseline.  
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2.2 Fluorescence spectroscopy 
 
The technique involves exciting electrons from the studied specie by incident light, and 
recording the electromagnetic emission produced by the electron transitions from 
excited to ground states.   
 
2.2.1 Fluorescence polarisation 
 
Fluorescence polarisation is an analytical method that provides information about 
biomolecular interactions by measuring the degree of a fluorophore polarisation, which 
is inversely proportional to the fluorophore rotation when is undergoing Brownian 
motion. When a large biomolecule binds to a dye-labelled dsDNA, the larger volume of 
the complex hinders the fluorophore movement, increasing its fluorescence 
polarisation. 
 
2.2.2 Sample preparation and measurements 
 
The emission and excitation of liquid samples were recorded with an Infinite M200 
plate reader from Tecan. Black and opaque well-plates were used for the measures. 
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2.3 X-ray diffraction (XRD) spectroscopy 
 
This technique employs the diffraction of a monochromatic X-ray beam to study the 
crystal structure of a powder sample. If the sample was monocrystalline, the diffraction 
pattern would present discrete spots, also known as Laue spots. Nevertheless, 
because the sample is a powder, the crystals are randomly placed and all the 
crystalline orientations are present, resulting in a ring-shaped diffraction pattern. The 
angle between the diffracted rings and the original beam axis is called scattering angle 
(2). This angle is found as variable in Bragg’s law equation (Eq. 2.2),183 which 
describes the required conditions for the constructive interference necessary for the 
XRD. 
           (Eq. 2.2) 
Where n is an integer multiplier,  is the incident radiation’s wavelength and d is the 
atomic interplanar distance.  
The diffractogram (i.e. graphical representation of the diffraction data) can provide both 
qualitative and quantitative information, based on three variables: (1) Signal intensity 
as a function of 2. (2) The peak’s intensity. (3) The diffraction maxima.   
 
Sample preparation and measurements 
 
XRD experiments were performed with a D8 Discover Gadds (Bruker Corporation, 
Billerica, USA). The samples were prepared by drying a liquid sample on a silicon 
wafer, and the diffraction data was collected from 20 to 90 2 (degree). 
All the recorded diffractograms were compared to the reference powder data for 
identification purposes. 
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2.4 Transmission electron microscopy (TEM)  
 
TEM is a microscopy technique that exploits the interaction between a uniform current 
density electron beam (i.e. energies within a range of 60 to 150 keV) and a thin 
sample. When the electron beam reaches the sample, part of the electrons are 
transmitted and the rest are elastically or inelastically scattered.184 The magnitude of 
the interaction depends on several factors, such as size, sample density and elemental 
composition. The final image is built with the information acquired from the transmitted 
electrons.    
TEM can be divided in three big parts: electron gun, lenses and apertures, and image 
generation system. The electron gun, which consists of LaB6 rods or tungsten filament 
with hairpin or pointed shape, emits electrons by thermionic or field emission. Then, the 
electrons go through the condenser electromagnetic lens and aperture, which provide 
control over the amount of current in the beam that reaches the sample and the 
illuminated area. Larger condenser aperture angles result in higher sample illumination 
but poorer image quality. The resulting electron beam interacts with the sample and is 
collected and magnified for a set of lenses. It is worth mentioning that the objective 
aperture controls the electrons that contribute to the image and can be used to improve 
its contrast. Finally, the image is projected in a phosphorescent screen or CDDD 
camera.  
 
 
 
 Fig. 2.1. Schematic electron path and main components in a TEM.
184
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2.4.1 High-resolution TEM (HR-TEM) 
 
HR-TEM is an imaging mode of electron microscopy that uses phase-contrast imaging, 
where both transmitted and scattered electrons are combined to produce the image. In 
comparison to traditional TEM imaging, HR-TEM requires a larger objective aperture in 
order to employ the scattered electrons. 
Phase-contrast imaging is the technique with highest resolution ever developed and 
allows to detect the arrays of atoms in crystalline structures. 
 
2.4.2 Cryo-electron microscopy (cryo-TEM) 
 
Cryo-TEM is a subclass of TEM that allows visualizing near-unaltered samples in their 
frozen-native environment by vitrifying them at cryogenic temperatures (liquid nitrogen 
is usually employed to freeze the samples). This technique is highly used in molecular 
biology and surfactant chemistry due the lack of factors (i.e. staining and sample’s 
preservation in non-physiological environments) that can alter the conformation or 
assembly of the sample’s molecules.  
 
2.4.3 Sample preparation and imaging for TEM and HR-TEM 
 
TEM was employed to study the nanoparticle morphology while HR-TEM was used to 
assess the crystal structure (the specific models are specified in the Experimental 
section of every chapter). Samples were prepared by dropping the liquid solution 
containing the nanoparticles onto a carbon coated copper grid. The grid was left to air-
dry until the water had fully evaporated.  
Alternatively, when the particles presented a high surface charge, the carbon-coated 
copper grid was dipped in the diluted liquid solution to minimise the nanoparticle 
accumulation on the grid’s edge during the drying step.  
Nanoparticle dimensions were determined with ImageJ software 
(https://imagej.nih.gov/ij/) from at least 3 images and measuring more than 300 
particles per image. 
 
2.4.4 Sample preparation and imaging for cryo-TEM 
 
Cryo-TEM was used to study the morphology of CTAB micelles in the AuNR growth 
solutions. The liquid samples were vitrified by a commercial automated plunge-freezer 
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called Vitrobot (commercialized by FEI Company).  This device vitrifies water solutions 
by cooling them very fast, so water molecules do not have time to form long-range 
ordered crystal lattices. This results in an amorphous state that is similar to liquid 
water.185 Vitrobot accomplish this amorphous state in four steps: (1) placing the liquid 
sample in the carbon-coated copper grid, (2) removing the excess of liquid in order to 
produce a thin film, (3) plunge-freezing the grid into the liquid nitrogen and (4) storing 
the vitrified sample in a storage box that contains liquid nitrogen. 
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2.5 Dynamic light scattering and zeta potential  
 
2.5.1 Dynamic light scattering (DLS) 
 
DLS, also known as photon correlation spectroscopy, is a technique that calculates the 
diffusion of small objects or particles undergoing Brownian motion in a solution 
(diffusion coefficient D). When the particles are smaller than the incident light 
wavelength, the light is elastically scattered in all directions. DLS measures the 
scattering fluctuation intensity of a monochromatic light that goes through the sample 
over time and calculates D. The motion of the particles is then used to calculate the 
particle size by using Stokes-Einstein equation (Eq. 2.3).186  
 
   
  
    
 (Eq. 2.3) 
In this equation, DH is the nanoparticle’s hydrodynamic diameter, k is the Boltzmann’s 
constant, T is the thermodynamic temperature,  is the solution’s viscosity and D is the 
diffusion coefficient. It is noteworthy that r depends on several factors such as ionic 
strength and particle size, morphology and surface. 
 
2.5.2 Zeta potential 
 
Zeta potential (-potential, also known as electrokinetic potential) in a colloid system is 
the electric potential in the interface between the slipping plane, i.e. stationary layer of 
fluid attached to the particle surface, and the medium. The layer of liquid surrounding 
to the colloid can be divided in two parts: (1) the Stern layer, where the ions are very 
close to the surface and are strongly attached to it and (2) the diffuse layer, where the 
ions are loosely attached to the particle. When a particle diffuses through the liquid, the 
ions in the Stern layer remain attached, while part of the ions in the diffuse layer stay in 
the bulk fluid. The potential between the moving and stationary ions is the zeta 
potential, which can be measured by electrophoresis. When an electric field is applied 
across the colloid solution, the particles within the solution will move towards the 
electrode of opposite charge with a velocity (electrophoretic mobility UE) proportional to 
their zeta potential magnitude. The UE can be expressed by the following equation (Eq. 
2.4).187 
 
   
        
  
 (Eq. 2.4) 
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In this equation,  is the dielectric constant, z is the zeta potential, f(ka) is Henry’s 
function and  the viscosity of the system. 
 
2.5.3 Sample preparation and measurement 
 
The hydrodynamic diameter and zeta potential of the colloidal samples were recorded 
with dynamic light scattering spectrometers (the specific models are specified in the 
Experimental section of every chapter). The instruments were periodically validated 
with polystyrene latex standard provided by the fabricants.  
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2.6 Capillary viscometer  
 
Capillary viscometers are instruments that calculate the viscosity of a fluid by 
measuring the time required by a specific volume to flow through the instrument. Those 
measures require constant control of the temperature during the course of the 
experiments. Different kind of viscosities (e.g. dynamic, kinematic and relative 
viscosities) can be measured. In the present thesis, relative viscosity (i.e. ratio between 
the fluid viscosity and the viscosity of the solvent) has been used to characterize the 
rheological properties of the fluids. 
 
Sample preparation and measurements 
 
The relative viscosity of the samples was measured with a Cannon-Fenske viscometer 
(Fig. 2.2). 
The viscometer was turned upside down and a rubber bulb was placed in the tube L. 
The sample was suctioned through the tube N and drawn up until reaching the etched 
ring F. The viscometer was returned to the original upright position and the borders of 
tube N were cleaned. 
The viscometer was introduced into a thermostatic bath with water at 22 C. Only the 
upper parts of both L and N tubes were above the water level. When the temperature 
equilibrium was achieved, some pressure was applied to bring the fluid level above the 
mark E. The bulb was removed and the flow time (i.e. time required for the bottom of 
the meniscus to move from the mark E to mark F) was timed.  
In order to calculate the relative viscosity, the flow time of every fluid was divided by 
the flow time of the distilled water. 
 
Characterisation Techniques 
 
 49 
 
  
 
 
 
 Fig. 2.2. Schematic Cannon-Fenske viscometer.
188 
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Chapter 3 
 
 
Fine-tuning of Gold Nanorod Dimensions and 
Plasmonic Properties Using the Hofmeister Effects 
 
 
The applications of gold nanorods in sensing and therapeutics require easy syntheses 
with a precise control over their dimensions. Here, we report a method for the 
synthesis of highly pure and monodisperse gold nanorods with fine-tuneable 
dimensions and longitudinal localised surface plasmon resonance by addition of 
Hofmeister salts into the growth medium. To gain understanding of the anisotropic 
growth mechanism, we have studied the physical changes of the CTAB micelles 
induced by the salts using rheology, microscopy and light-scattering techniques. 
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3.1 Introduction  
 
Over the past decade nanoplasmonic field has been significantly developed due to the 
introduction of a variety of novel synthetic methods and biofunctionalisation strategies 
for new morphologies beyond sphere (i.e. nanorod, nanostar, nanocross, etc).189 
Anisotropic plasmonic nanoparticles have been the subject of numerous studies 
because of their unique optical and electronic properties, e.g. strong absorbance in the 
near-infrared,67 higher in coupling efficiency190 or significant increase surface-enhanced 
Raman spectroscopy signal.191 Among different nanocrystals, gold nanorods (AuNRs) 
have attracted great attention for their distinct nanoplasmonic properties and 
successful utilization in a wide range of biological applications such as photothermal 
therapy,192–195 drug delivery,196 imaging18,197–199 and sensing.200–202 One of their main 
features is the longitudinal localised surface plasmon resonance (L-LSPR), the light-
induced coherent collective oscillation of the valence electrons through the longitudinal 
axis, that results in a unique and intense light absorption in a wide wavelength 
range.112,121 This optical property depends highly on the aspect ratio of the rod that can 
be customised through the controlled synthesis. 
The most common synthesis of AuNRs is the seed-mediated method, which was 
initially developed by Murphy et al.203 and later improved by El-Sayed et al.57 This 
seed-mediated method is a two-step procedure. Firstly, gold seeds are obtained by the 
fast reduction of gold salts by NaBH4. Subsequently, the obtained gold seeds are used 
as nucleation points for the slow reduction of the gold salts by ascorbic acid in the 
presence of CTAB surfactant. Interestingly, depending on the nature and structure of 
the seeds, different kinds of AuNRs can be obtained. Initially, Murphy et al. used 
citrate-capped penta-twinned gold nanoparticles as a seeds, which yielded twinned 
crystal rods with {111} faces (silverless synthesis). On the other hand, El-Sayed et al. 
synthesized the seeds in the presence of CTAB, yielding single crystal nanoparticles of 
1.5 nm diameter.204 Those seeds were later used to growth single crystal AuNRs in the 
presence of AgNO3 (silver assisted synthesis). The exact role of CTAB in the 
promotion of the anisotropic growth is still unclear. At early stages, El-Sayed et al. 
suggested that the CTAB acted as a soft template. 57 However, subsequent 
publications indicated the CTAB adsorption in specific gold facets, favouring specific 
surface passivation.21,56 Furthermore, the shape-sensitivity to CTAB impurities,205 
presence of halides206,207 and temperature effect208,209 were also reported. A big effort 
has been recently made in order to enhance the tunability and monodispersity of 
AuNRs. Murray et al. reported a synthesis with high control over the nanocrystal 
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growth through the inclusion of aromatic additives, which changed the micellar packing 
of the surfactant.58 In addition, alternative reducing agents60,61 or different 
surfactants62,63 have also been used to increase the quality of the AuNRs.  
Interestingly, CTAB molecules self-assemble in spheroid shape micelles in water.210 
The addition of salts, co-surfactants or other additives can change the micellar 
behaviour, e.g. transition from sphere to rod or worm-shaped micelles.211 In the 
presence of the salts, the micellar changes are caused by the screening of the 
electrostatic repulsion between the polar heads of the surfactant molecules. A 
comparison between the effects of different anions on micellar growth showed that they 
follow the Hofmeister series order,212 which is a historical classification of salt capacity 
to precipitate (also known as salting out) or solubilize (also known as salting in) 
proteins in water. The protein solubility is affected by the electrostatic forces of the ions 
and their capacity to affect the surrounding water structure.213 Traditionally, the anionic 
salting out order of the Hofmeister series has been considered as the following: SCN- > 
ClO4
- > I- > ClO3
- > NO3
- > Br- > Cl- > HSO4
- > SO4
2-. 
In this chapter, we present a new methodology to fine-tune the AuNRs while keeping 
the basis of the well-established seed-mediated synthesis. As mentioned earlier, the 
customisation of monodisperse AuNRs has been generally achieved by using 
alternative reducing agents, co-surfactants or organic additives. In our method, we 
successfully employ a fourth strategy: using the Hofmeister salts, which provide 
precise control over the morphology and optical properties of the crystals. Moreover, 
for the first time, the CTAB micelle morphology has been studied under AuNR growth 
conditions, yielding new insights on the anisotropic growth of the rods. 
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3.2 Experimental section  
 
3.2.1 Materials 
 
The following products were used as received. Sodium nitrate (NaNO3, >99%), sodium 
bromide (NaBr, >99%), sodium chloride (NaCl, >99%), sodium bisulfate (NaHSO4, 
>99%), sodium thiocyanate (NaSCN, >98%), sodium perchlorate (NaClO4, >98%), 
hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), silver nitrate (AgNO3, 0.1 N), 
hydrogen chloride (HCl, 37% wt in water), L-ascorbic acid (crystalline), sodium 
borohydride (NaBH4, 98%) were purchased from Sigma-Aldrich. 
Hexadecyltrimethylammonium bromide (CTAB, >98%) was purchased from Tokyo 
Chemical Industry.  
All the water employed in the experiments was obtained with a Mili-Q Integral 5 
system. All glassware was cleaned with aqua regia, rinsed extensively with water, and 
dried before use. 
 
3.2.2 Synthesis of AuNRs 
 
Synthesis of seeds. The reaction was performed at 22 °C. The CTAB solution (5 ml, 
0.2 M) was added to a 5.0 mL solution of HAuCl4 0.5 mM. While the mixture was being 
vigorously stirred, 0.6 mL of ice-cold NaBH4 10 mM was added at once. The seed 
solution was stirred for 30 sec and was left undisturbed for 30 min. Then, the seeds 
were immediately used to synthesize the gold nanorods. Fresh seeds are necessary to 
obtain monodisperse AuNRs,214 with most syntheses letting the seeds age between 30 
min and 2 h.56,58,62,63 In addition, CTAB solubility in water is 0.1 M at 20 ºC.215 Thus, the 
shorter the aging time is, the less likely the CTAB starts precipitating. 
 
Synthesis of rods. 250 L of AgNO3 (4 mM) were added to 5.0 mL solution of CTAB 
(0.1 M).  The solution was kept undisturbed for 15 min, after which 5 mL of HAuCl4 (1 
mM), a specific volume of one of the salt solutions (Table S1) and 12 L of HCl (37%) 
were added. Since bromide has higher affinity for gold than chloride, mixing HAuCl4 
with CTAB results on the formation of HAuBr4 (Eq. 3.1), changing the gold solution 
colour from yellow (HAuCl4) to orange (HAuBr4). After slow stirring, ascorbic acid (75 
L, 79 mM) was introduced into the growth solution, which lost its orange colour and 
yielded a colourless solution, because of the reduction of Au3+ to Au1+. The mixture was 
vigorously stirred for 30 sec and 60 L of the seed solution were added. Ascorbic acid 
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on its own can only reduce Au3+ to Au+, and it requires nucleation points to reduce gold 
salts to metallic gold (Eq. 3.2). Finally, the growth solution was vigorously stirred for 30 
sec and left undisturbed for 12 h. The gold nanorods were isolated by centrifugation at 
8000 rpm for 15 min followed by removal of the supernatant twice. The precipitate was 
re-dispersed in 10 ml of mili-Q water. It is noteworthy to mention that the stoichiometric 
ratio between HAuCl4 and ascorbic acid is 1:1.5 in the gold reduction reaction.
216 
However, this ratio presents fast reaction kinetics, which yields short217 and not well 
monodisperse rods. Due to the fact that we prioritize monodispersity over yield, the 
1:1.2 ratio was used with a maximum yield of 80%. Previous researchers have used 
the same ratio218 or even lower.58,62 
 
[AuCl4]
- + 4[CTA+ Br-]  [AuBr4]
- + 4[CTA+ Cl-]     (Eq. 3.1) 
2[AuBr4]
- + 3H2A  2 Au
0 + 8 Br- + 6H+                (Eq. 3.2) 
 
3.2.3 Characterization 
 
Transmission electron microscopy (TEM) images were acquired with a JEM-1010 
microscope operating at 100 kV. High-resolution transmission electron microscopy 
(HR-TEM) images were obtained with a JEM-2100 microscope operating at 200 kV. 
Cryo-transmission electron microscopy (cryo-TEM) imaging was performed with a Titan 
Krios cryo-TEM operating at 300 kV. The study of the nanoparticle and micelle 
morphology and size distribution was performed by analysing several TEM, HR-TEM or 
cryo-TEM images for every sample. The optical extinction spectra were recorded using 
a Spectramax M2/M2e UV/Vis/NIR spectrophotometer. The dynamic light scattering 
(DLS) and zeta potential measurements were performed with a Zetasizer Nano Z from 
Malvern Instruments. The X-ray diffraction (XRD) measurements were performed with 
D8 Discover Gadds. The viscosity data was obtained with a Cannon-Fenske 
viscometer.   
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3.3 Results and discussion 
 
3.3.1 Tuning the L-LSPR band 
 
Even though the exact mechanism involved in the Hofmeister series is not clear, it is 
widely accepted that the series can be divided into different sections depending on 
their salting in/out effects.219 The first group includes ions with small hydrated radii and 
salting out capacities (e.g. NH4
+ or F-). Following, there is a group with neutral or 
moderate behaviours (e.g. Cl- or Na+). Finally, the last group is composed by bigger 
ions with lower ionic strength, which presents salting in effect (e.g. SCN- or Ca2+). 
In order to explore the tuning capacities of Hofmeister anions, the following six salts 
were studied: NaSCN, NaClO4, NaNO3, NaBr, NaCl and NaHSO4. Na
+ was selected to 
be in all the salts in order to have equalised cation effect in all the experiments. All the 
anions were monovalent and representatives of the Hofmeister series. SCN- and ClO4
- 
present salting in ability; NO3
-, Br- and Cl- are neutral members of the series and HSO4
- 
has salting out capacity. 
As described in the Experimental section, AuNRs were synthesised using our own 
modified version of seed-mediated method,57 by introducing the selected salts at 
different concentrations in the growth solution before the addition of ascorbic acid. The 
extinction spectra of the resulting AuNRs with NaNO3, NaCl, NaHSO4 and NaBr are 
plotted in the Fig. 3.1. It is important to note that the growth solution contains some 
Hofmeister anions from the beginning, such as bromide (from CTAB), nitrate (from 
AgNO3) and chloride (from HCl). However, their concentrations are the same in all 
samples, therefore their effects are equal in all the cases. The concentrations used in 
the text and figures are the added concentrations of Hofmeister salts. 
Among six tested anion salts, SCN- and ClO4
- quenched the reduction reaction of gold 
salt and precipitated the surfactant. The colour change in the growth solution from 
colourless to red, which is the symbol of the AuNRs formation, was not observed. 
These observations were in agreement with previous studies, which showed a 
decrease in the reduction potential of gold ions after their conjugation with SCN- 220 and 
an aggregation of the dodecyltrimethylammonium bromide (cationic surfactant with 12 
aliphatic carbons instead of 16 like CTAB) induced by SCN- and its precipitation by 
ClO4
-.221 The rest of the four salts did allow the synthesis of AuNRs and more 
importantly tuned the L-LSPR band either to longer or shorter wavelengths.  
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Fig. 3.1. Normalized extinction spectra of AuNRs grown in the presence of additional amount of Hofmeister salts. For 
(a), (b) and (c) the salt concentrations are 0 mM (blue), 10 mM (red), 20 mM (green), 30 mM (purple), 40 mM 
(turquoise) and 50 mM (orange) from bottom to top. For (d), the salt concentrations are 0 mM (blue), 5 mM (red), 10 
mM (green), 15 mM (purple), 20 mM (turquoise), 25 mM (orange) and 30 mM (grey) from bottom to top. All the spectra 
have been offset for easier comprehension. 
 
NaNO3, NaCl and NaHSO4 red-shifted the L-LSPR, with bigger changes coming from 
the addition of 50 mM NaNO3 (∆L-LSPR= 76 nm). The addition of 50 mM NaCl or 50 mM 
NaHSO4 produced similar effects with ∆L-LSPR up to 44 and 49 nm, respectively. NaBr 
had the biggest impact on the L-LSPR peak, i.e. blue-shifting it up to 107 nm from 
lowest to highest salt concentration. In contrast to the other salts, the maximum 
concentration of the added NaBr in the growth solution was 30 mM. Above this 
amount, spheroid shape particles were mainly obtained. It is worth mentioning that the 
low intensity of the bands around 510 nm indicates the high shape purity of the 
samples.  
Finally, since Hofmeister series only include few representatives, the behaviour of 
other ions can be estimated by comparing their hydrated radii and salting in or salting 
out abilities with the ions contained in the series. This can be used as a tool for 
predicting the influence of salts in the growth of AuNRs. 
 
3.3.2 Morphology and crystalline structure of the AuNRs 
 
Fig. 3.2 shows the TEM images of the monodisperse AuNRs with small shape 
impurities (average below 6%) obtained by our modified El-Sayed synthesis. As 
expected, the variations on the aspect ratios are coherent with the shifts of the L-LSPR 
band induced by the salts (Table 3.1). Thereby, NaNO3 (0-50 mM) leads to the biggest 
aspect ratio increases from 4.1 up to 4.8. NaCl and NaHSO4 (0-50 mM) lead to similar 
increases in aspect ratio up to 4.7 and 4.6, respectively. On the other hand NaBr (0-30 
mM) leads to a decrease of the aspect ratio from 4.1 to 3.3.  
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Fig. 3.2. TEM images of AuNRs synthesized using our seed-mediated method with different amounts of Hofmeister 
salts: (a) without Hofmeister salts. (b - f) with NaNO3, (g - k) with NaCl and (l - p) with NaHSO4 in order of increasing 
added concentration (10 - 50 mM). (q – v) with NaBr in order of increasing added concentration (5 – 30 mM). All scale 
bars are 50 nm. 
 
Interestingly, the increases of the aspect ratio linked to NaNO3 are mainly caused by 
the reductions of the rod widths (from 10.6 nm to 8.8 nm), but little by rod elongations 
(no clear tendency of elongation), as shown in the Table 3.1. The increases in aspect 
ratios caused by NaCl and NaHSO4 are due to both elongation (up to 45.6 and 45.0 nm 
final length, respectively, at the highest salt concentration) and width reduction (down 
to 9.8 nm for both salts) of the rods at the same time. On the other hand, the addition 
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of NaBr into the growth solutions yields shorter and wider rods from 43.0 × 10.6 nm to 
36.8 × 11.2 nm, resulting in lower aspect ratio crystals. The statistical significance of 
the different aspect ratios was studied by Welch’s t-tests (Table S3.1) and effect size 
calculations (Table S3.2). These show that our method can fine-tune the aspect ratio of 
the rods with a precision of 0.1 for most of the range between 3.3 and 4.8 with small 
and medium effect sizes (0.10 < d < 0.45) but statistical significant (p < 0.05). 
Table 3.1. Summary of the optical and morphological properties of AuNRs synthesized after the addition of 
Hofmeister salts into the growth solution. 
Salt C (mM) 
L-LSPR band 
maximum (nm) 
Aspect ratio Length (nm) 
Width 
(nm) 
Shape 
impurities
*
 (%) 
- 0 884 4.1 ± 0.70 43.0 ± 9.4 10.6 ± 1.2 3 
NaNO3 10 881 4.0 ± 0.64 42.2 ± 7.6 10.6 ± 1.2 5 
 20 884 4.1 ± 0.76 42.2 ± 9.8 10.2 ± 1.4 2 
 30 915 4.3 ± 0.74 42.4 ± 9.0 9.8 ± 1.2 5 
 40 945 4.7 ± 0.69 43.4 ± 7.6 9.2 ± 1.2 3 
 50 960 4.8 ± 0.79 42.6 ± 7.8 8.8 ± 1.0 6 
NaBr 5 860 3.9 ± 0.76 38.8 ± 9.8 10.0 ± 1.4 4 
 10 832 3.6 ± 0.69 37.2 ± 9.2 10.4 ± 1.4 3 
 15 816 3.6 ± 0.64 39.8 ± 9.0 11.2 ± 1.6 6 
 20 796 3.4 ± 0.60 36.6 ± 7.6 10.8 ± 1.2 5 
 25 795 3.4 ± 0.63 36.8 ± 9.4 10.8 ± 2.0 6 
 30 777 3.3 ± 0.66 36.8 ± 10.4 11.2 ± 2.6 9 
NaCl 10 894 4.2 ± 0.75 42.8 ± 9.2 10.2 ± 1.4 7 
 20 900 4.0 ± 0.74
 
42.4 ± 8.6
 
10.6 ± 1.2 9 
 30 909 4.5 ± 0.77 43.2 ± 9.2 9.6 ± 1.2 4 
 40 917 4.5 ± 0.75 43.4 ± 10.0 9.6 ± 1.4 11 
 50 928 4.7 ± 0.77 45.6 ± 9.6 9.8 ± 1.2 5 
NaHSO4 10 893 4.2 ± 0.71 43.0 ± 8.2 10.2 ± 1.2 3 
 20 896 4.3 ± 0.73 43.4 ± 8.8 10.2 ± 1.2 5 
 30 918 4.4 ± 0.79 43.4 ± 9.2 9.8 ± 1.2 7 
 40 926 4.5 ± 0.85 43.6 ± 10.0 9.6 ± 1.4 13 
 50 933 4.6 ± 0.89 45.0 ± 10.0 9.8 ± 1.2 10 
*
Shape impurities (%) are defined as the percentage of non-rod shaped nanoparticles in the sample. 
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In addition, we studied the crystalline structure of AuNRs through HR-TEM and XRD. 
The fast Fourier transform patterns of all the samples show face centered cubic (fcc) 
close packing, examined along [110] zone axis (Fig. 3.3).222 HR-TEM data prove that 
the AuNRs are single-crystal. Furthermore, it is clear that the rods grow along the [001] 
direction. Fig. 3.4 shows the XRD diffraction patterns of the samples obtained with the 
maximum amount of Hofmeister salts. In all the cases the XRD peaks are coherent 
with the metallic gold where the strongest peaks are (111) and (200).223  
 
Fig. 3.3. HR-TEM images of AuNRs synthesized (a) without Hofmeister salts, (b) with NaNO3 (50 mM), (c) with NaCl 
(50 mM), (d) with NaHSO4 (50 mM) and (e) with NaBr (30 mM). The insets in the images are the fast Fourier transform 
patterns of the selected regions.  All scale bars are 5 nm. 
        
Fig. 3.4. XRD diffraction pattern of AuNRs obtained with and without added Hofmeister salts. 
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3.3.3 Evolution of CTAB micelles 
 
To clarify the role of the CTAB in the synthesis of AuNRs, it is necessary to 
characterize the evolution of the CTAB micelles under the different growth conditions. 
The immiscibility between the aliphatic chain of CTAB and water induces their 
aggregation in cationic sphere-shaped micelles. It is well established that the 
electrostatic interactions between surfactant polar heads and charged species modifies 
the micelle zeta potential,224 which has been suggested to play an important role on the 
growth of AuNRs.209 Fig. 3.5a depicts the electrokinetic potential of CTAB micelles in 
the growth solution after the addition of different Hofmeister salt concentrations. The 
initial value without added Hofmeister salts is 43.5 mV and it linearly decreases with 
NaNO3, NaCl and NaBr down to 31.1, 33.7 and 37.0 mV, respectively. Interestingly, 
NaHSO4 is the salt that reduces the most the micellar zeta potential, down to 27.9 mV.  
 
Fig. 3.5. (a) Zeta potential, (b) hydrodynamic diameter and (c) relative viscosity of growth solutions in the presence of 
added Hofmeister salts. 
 
The interaction between the salts and the CTAB micelles also results on the screening 
of the electrostatic repulsion between the surfactant polar heads, which alters the 
surfactant packing and can trigger morphological transitions,210 such as spherical-to-
wormlike micelle transitions. The micelle morphologies have been mainly characterized 
by three different kinds of techniques: linear rheology, cryo-TEM and scattering based 
methods, as they have been deeply discussed in a recent review article.210 Fig. 3.5b 
presents the CTAB micelle hydrodynamic diameter (DH) in the growth solution as a 
function of increasing salt content measured by dynamic light scattering (DLS). The DH 
increased in all the samples and was proportional to both the salt concentration and 
position of the anion in the Hofmeister series, suggesting that the salt triggers the 
micellar growth. Moreover, a larger increase of the DH was observed for the samples 
with [NaNO3] > 30 mM. Such kind of growth is related to the existence of interactions 
between the micelles, also called semi-diluted regime.  
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In addition to the DLS measurements, the solution viscosity was also characterised. As 
soon as the micelle morphology changes from sphere to rod-like or wormlike, the 
micelles start entangling one to each other (semi-dilute regime), subsequently the 
solution viscosity increases.210 Fig. 3.5c plots the relative viscosity of growth solutions 
as a function of increasing salt content at 23 C. Under the growth conditions, the 
viscosity is only affected by nitrate. Bromide, chloride and bisulphate do not show any 
significant effect. Interestingly, the viscosity starts increasing at NaNO3 concentrations 
above 30 mM. Those are the same concentrations that also show semi-dilute regime 
by DLS.  
Finally, cryo-transmission electron microscopy (cryo-TEM) studies were performed to 
characterise the micelle morphology in the presence of NaNO3, NaCl and NaHSO4 
(NaBr was excluded from cryo-TEM study, because bromide anion tunes the rod 
aspect ratio through different mechanism, which will be described in the next section). 
The micelle shape has been hypothesized to play an important role on directing the 
AuNR growth.57,225 Fig. 3.6a reveals mostly spherical CTAB micelles (97.9 %) in 
absence of additional Hofmeister salts, with small percentage of ellipsoidal micelles 
(2.1 %). Interestingly, although the spherical shape is the most common in all the 
samples (Fig. 3.6b-g), the addition of salts increases the proportion of ellipsoidal (1.5 < 
AR < 3) and rod-like (AR > 3) micelles rather than the size of all micelles (Fig. 3.7), and 
these shape transitions increases the overall micellar size observed by DLS. 
Nevertheless, the micelle dimensions seem to slightly increase by the addition of the 
salts (Table 3.2), however the tendency is not as clear as the increase on the number 
of non-spherical micelles. These results are in agreement with previously published 
works, which show co-existence of spherical and wormlike micelles in the same 
solution.226 It is worth to mention that the only visualised solution with rod-like micelles 
is the one with NaNO3 concentration of 50 mM. This is coherent with the semi-diluted 
regime observed by DLS and rheological measurements. It is important to note that the 
cryo-TEM images were taken from the growth solutions after the addition of the 
Hofmeister salts. As the growth of the AuNRs occurs, some ionic species are 
consumed such as Ag+, AuCl4
- and ascorbate, which is added in the form of ascorbic 
acid in a second step. Therefore, the variation in their concentration might affect the 
CTAB micelles. Nevertheless, this seems quite unlikely since their concentrations are 
very low (i.e. the initial concentrations of silver nitrate, chloroauric acid and ascorbic 
acid are 0.1, 0.5 and 0.5 mM, respectively) and strong Hofmeister anions, such as 
nitrate, require a concentration of 10 mM to show a significant effect. 
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Fig. 3.6. Cryo-TEM images of CTAB micelles in the growth solutions with different amounts of Hofmeister salts: (a) 
without Hofmeister salts. (b and c) with NaNO3, (d and e) with NaCl and (f and g) with NaHSO4 in order of increasing 
added concentration (30 and 50 mM). Some ellipsoidal and rod-like micelles have been highlighted in red and white 
dashed circles, respectively. All scale bars are 50 nm.  
 
                                 
Fig. 3.7. Micelle shape distribution (spherical, ellipsoidal and rod-like micelle) in growth solutions at different Hofmeister 
salt concentrations and the L-LSPRmax of the rods grown in those solutions.  
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Table 3.2. Summary of the morphological properties of CTAB micelles after the addition of Hofmeister salts into the 
growth solution. The three micelle morphologies observed by cryo-TEM are spherical (Sph.), ellipsoidal (Ellip.) and 
rod-shaped (rod). 
   NaNO3 NaCl NaHSO4 
 [Salt] 0 mM 30 mM 50 mM 30 mM 50 mM 30 mM 50 mM 
Sph. % 97.9 94 84 96.5 96.2 96 94.6 
Diameter (nm) 2.6 2.8 3.2 2.8 2.8 2.8 2.8 
st dev 1.2 1.4 2 1.4 1.4 1.4 1.4 
Ellip. % 2.1 6 8.1 3.5 3.8 4 5.4 
AR 1.7 1.7 2 1.9 2 1.9 1.8 
st dev 0.1 0.3 0.4 0.3 0.3 0.3 0.3 
Length (nm) 8.2 8.6 10.6 9.4 10.2 9.6 9.6 
st dev 1.4 1.4 2.6 1.8 1.6 1.6 1.4 
Width (nm) 4.8 5 5.4 5 5.2 5 5.2 
st dev 0.8 0.6 1.2 0.6 0.6 0.6 0.6 
Rod % 0 0 7.9 0 0 0 0 
AR - - 4.6 - - - - 
st dev   1.5     
Length (nm)   22.8     
st dev   9     
Width (nm)   5     
st dev   0.8     
         
 
3.3.4 Growth mechanism 
 
Despite the silver-assisted AuNR synthesis was developed over a decade ago,57 its 
mechanism still very controversial and poorly understood. Currently, three main 
mechanisms have been proposed for the nanoparticle anisotropy: 1) the silver is 
under-potentially deposited at specific gold crystal faces, preventing the crystal growth 
at those faces;18,227 2) the bromide-silver complex plays a role as face-specific capping 
agent;18,227 3) CTAB micelles act as soft templates.57,225 All three mechanisms are 
supported by experimental data, making it difficult to choose between the opposed 
theories. In a recent review,228 Murphy et al. surveyed the current state-of-the-art in 
AuNR growth mechanism and suggests that the three mechanisms may be correct to 
some extent, being the final mechanism a combination of all three. 
Our work provides a deeper understanding of the AuNR anisotropic growth and 
addresses some of the unanswered questions described before. In this section we list 
the most important observations obtained from our experimental data. 
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First of all, it is worth mentioning that few groups have previously reported the effect of 
salts in the growth of AuNRs with different results than ours. Mulvaney et al. reported 
the decrease of aspect ratio after adding NaCl into the growth solution.209 However, 
they were synthesizing penta-twinned AuNRs, which diverge from the single crystal 
AuNR in different ways, such as structure and synthetic protocol (e.g. low CTAB 
concentration, 8 mM, and absence of AgNO3). On the other hand, Yong et al. observed 
increases of the aspect ratio at nitrate and chloride concentrations above 0.1 M.225 
Nevertheless, the rods obtained were highly polydisperse and presented significant 
shape impurities. That was probably due to the high concentration of salts in the 
growth solution, which may had induced wormlike micelles.229,230 
Second, there seems to be a correlation between the decrease of CTAB electric 
potential and the amount of shape impurities. The addition of Hofmeister salts 
decreased the zeta potential of CTAB micelles to different extents and increased the 
shape impurities in a certain degree (Fig. 3.8). NaHSO4 induced the highest 
electrokinetic decrease, i.e. from 43.5 mV down to 27.9 mV, and yielded the highest 
amount of shape impurities, i.e. up to 13 %. NaBr induce a significant amount of 
spherical nanoparticles too, i.e. up to 9 %, however this can be account for a different 
mechanism that will be described later. NaCl presents a highly variable amount of 
shape impurities and it is difficult to get a solid conclusion. However, the general 
impurity tendency is smaller than in the first salt. Finally, NaNO3 is the salt that 
produces rods with higher shape purity. Even though the syntheses of penta-twinned 
and single crystal AuNRs follow different synthetic protocols, Mulvaney et al. reported a 
similar observation for the silverless synthesis, where the rod formation depends on the 
extremely strong binding between gold anions and cationic micelles.209 Therefore, the 
decrease of the micelle zeta potential weakens the electrostatic interaction between 
the two spices and may drop the rod yield. In the aromatic based synthesis,58 where 
organic additives are introduced to the silver-assisted synthesis, the authors 
hypothesized that a weaker CTAB micelle and gold precursor interaction yields shorter 
AuNRs. However, we did not observe such a phenomena except for the bromide, 
whose case will be discussed later. 
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Fig. 3.8. Micelle zeta potential (circle) after the addition of Hofmeister salts in the growth solution and percentage of 
shape impurities (diamond) after the growth of the rods in those solutions. The moving averages of both zeta potentials 
and impurities are represented in solid and dashed lines, respectively.  
 
Third, some works have suggested that under AuNR growth conditions,57,225 CTAB 
micelles present rod-shape morphology. Thus, the AuNR anisotropy would be driven 
by the micelle that acts as a soft template. To the best of our knowledge, this is the first 
work that has visualized the CTAB micelles under AuNR synthesis conditions by cryo-
electron microscopy. The surfactant micelles were mostly spherical in all the cases, 
with an increasing amount of ellipsoidal micelles (1.5 < AR < 3) with the addition of 
salts. Only the sample with 50 mM NaNO3 presented rod-like micelles (AR > 3), which 
were significantly smaller than the resulting AuNRs, 22.8 × 5.0 and 42.6 × 8.6 nm, 
respectively. Therefore, the soft template seems unlikely to occur as it was proposed 
on those works. Nevertheless, Murray et al. has recently suggested that the increase of 
AuNR aspect ratio after the addition of organic additives is coherent with an increase of 
the surfactant packing parameter (p).58 This phenomena is also observed here, where 
the transition of spherical micelles (p < 1/3)210 to ellipsoidal and rod-like micelles (1/3 < 
p < 1/2)210 after the addition of the salts is consistent with the shift of the AuNR L-
LSPRmax (Fig. 3.7). Thus, the change on the micellar behaviour, whether the surfactant 
molecule is directly bond to the gold, to another surface (e.g. under-potentially 
deposited silver) or in the form of a different surface-active species (e.g. silver-CTAB 
complex), seems to affect the growth of the rod.  
Fourth, the samples with NaBr presented a decrease in their aspect ratio and blue-shift 
of the LSPR band proportional to the amount of salt, although the salt triggered the 
overall micellar growth. This anomalous behaviour can be explained by understanding 
the interaction between the bromide ions and gold. Halides are known to affect the 
growth of gold nanoparticles through two cooperative pathways.231 (1) Halides anions 
can complex gold ion derivatives, modifying their potential and solubility and thereby 
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altering their reduction rate.232,233 The reduction potentials of AuCl2
-, AuBr2
- and AuI2
- 
are 1.154, 0.960 and 0.578 V, respectively.234 As the lower the standard reduction 
potential of a complex is, the more difficult it is to be reduced by ascorbic acid. 
Additionally, the solubility of those complex drops in an order AuCl2
- > AuBr2
- > AuI2
- 
and the formation of less soluble compounds slows down the reaction.235 (2) Halides 
can also bind to the gold surface, blocking the growth of the nanoparticle. The binding 
strength of the halides increase in the following order Cl- < Br- < I-.236 In addition, Mirkin 
et al. reported that the passivation of the gold surface by halides further disturbs the 
silver under-potential deposition onto gold surface.231 This halide strong interference on 
the AuNR growth has been observed for iodide, where low concentrations have been 
reported reducing AuNRs aspect ratio and high concentrations quenching further and 
yielding spherical nanoparticles.61,237 Thereby, the fact that bromide reduced the aspect 
ratio of the AuNRs can be explained from the gold–halide interaction point of view. 
Additionally, we observed a concentration threshold for bromide, i.e. 30 mM, like the 
one reported for iodide, where above that concentration the AuNRs synthesis is 
completely quenched and spherical particles are mainly obtained. On the contrary, 
chloride has less capacity to block gold deposition and it did not hinder the growth of 
AuNRs at the experimental concentrations. Finally, nitrate and bisulphate have been 
reported displaying very low affinity for gold in comparison to halides,236,238 which 
explains why they did not interfere in nanoparticle growth. 
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3.4 Conclusions 
 
We demonstrate that a high level of control over the rod dimensions and widely 
tuneable L-LSPR band can be achieved by adding small amounts of Hofmeister salts 
into the seed-mediated synthesis of AuNRs. The nature of the tuning depends on the 
double interaction between the salts with gold and the salts with surfactant micelles. 
Salting in ions, like thiocyanate and perchlorate, induce the surfactant precipitation and 
the quenching of the AuNRs formation. Neutral and salting out anions screen the 
electrostatic repulsion between the surfactant molecule heads, inducing changes on 
the micellar behaviour. When those anions have low affinity for gold, like nitrate, 
bisulphate and chloride, their addition yields longer aspect ratio rods. However, anions 
with high affinity for gold, like bromide, reduce the gold deposition, producing shorter 
aspect ratio rods. Interestingly, CTAB micelles are mainly sphere-shaped in all 
solutions. The addition of salt increases the overall micelle size by increasing the non-
spherical micelle population, although spherical shape is still the predominant one. 
Hence, these results provide not just a new strategy for the precise tuning of the optical 
properties and morphology of Au NRs, but also a deeper understanding of the 
anisotropic growth mechanism of the nanoparticles.  
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Chapter 4 
 
 
Growth of Anisotropic Gold Nanoparticles in 
Photoresponsive Fluid for UV Exposure Sensing and 
Erythema Prediction 
 
 
Photoresponsive fluids have been widely employed in nanoscale and microscale 
technologies, due to their light-tunable properties. Here, we propose using the distinct 
physicochemical properties of an ultraviolet-responsive fluid to tailor the growth of 
anisotropic gold nanoparticles. The direct dependency between the ultraviolet (UV) 
irradiation and the resulting nanoparticle optical properties, renders the system to be 
useful as an in situ growth sensor for UV exposure. The UV exposure levels used in 
the synthesis are accurately correlated to the UV minimal doses to produce erythema 
to different skin types, expanding the application of this system as an easy-to-use and 
inexpensive sunlight-indexing tool for monitoring the dangerous level of skin exposure.  
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4.1 Introduction  
 
Over the last decade, metallic nanoparticles have captured great scientific attention 
due to their wide biomedical applications, such as photothermal therapy,192,193,195 drug 
delivery,196 imaging18,197–199 and sensing.200,202,239 Their unique optical and electrical 
properties rely on the collective oscillation of the electrons in the conduction band 
called surface plasmon resonance (SPR),112 which can be customized by changing the 
nanoparticle size26 and shape.240 Due to a great advancement of synthetic methods, a 
broad range of non-spherical metallic nanoparticles have been obtained, e.g. rod,21,194 
star,64,65,241 shell,242,243 prism,244,245 worm246 and others.247 Even though each 
morphology requires a different synthetic route, few of them use 
hexadecyltrimethylammonium bromide (CTAB) as a main symmetry-breaking 
component.247  CTAB is a cationic surfactant that self-assemble in spherical micelles in 
water.59 Interestingly, CTAB micelle behaviour can be modified by introducing additives 
such as salts, co-surfactants or organic compounds.248 Controlling anisotropic gold 
nanoparticle morphology, particularly AuNRs, was initially achieved by regulating the 
presence of silver cations in solution.57 In recent years, it has been accomplished by 
modifying the rheological behaviour of the surfactant with the addition of organic58 or 
inorganic salts59 into the CTAB-containing growth solution. When a photoresponsive 
organic compound is added to the CTAB solution, a photorheological fluid can be 
obtained.249–251 These smart fluids present light-tunable properties, which we 
hypothesize can control the growth of anisotropic nanoparticles by irradiating the 
reaction mixture before the gold reduction takes place. Previously, the photochemical 
synthesis of AuNRs had been accomplished by a different principle, i.e. introducing 
acetone into the growth solution and irradiating it with UV light for 30 h.252 Although the 
mechanism is still not clear, it has been suggested that acetone acts as catalyst in the 
gold reduction.253 Later, the long reaction time was improved by combining a chemical 
reduction step with the photoirradiation.254 However, this double-reduction procedure 
did not yield the larger rods with the longer the irradiation time. The rod aspect ratio 
initially increased with the irradiation time until reaching a maximum, after which the 
rod length started to decrease.   
Gold nanoparticles have been abundantly used in colorimetric sensing, due to their 
strong extinction coefficients in the visible and near-infrared wavelength range.200 
Traditional approaches measure the shift of the SPR band as a consequence of the 
analyte-induced nanoparticle aggregation. Those sensors can be generally classified 
under cross-linking119,255–257 or non-cross-linking (i.e. electrostatic) principles,201,258,259 
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depending on the aggregation driving force. Nevertheless, these sensors using as-
prepared nanoparticles present several drawbacks such as complex post-synthesis 
surface modifications in the case of cross-linking based sensors and weak binding 
interactions, which may be impaired by the buffer or the medium-containing species, 
and low specificity in the case of non-cross-linking based sensors. Therefore, recent 
efforts have been made in order to develop a totally new analytical approach, where 
the nanoparticles are not synthesized beforehand and later exposed to the analyte, but 
synthesized in the presence of the analyte, and their growth is driven by the analyte 
concentration that is termed as in situ growth sensing. So far the most successful 
design of such system is the gold nanoparticle-based enzyme-linked immunosorbent 
assay (ELISA) for cancer markers developed by de la Rica et al.260 In this design, non-
aggregated spherical or aggregated non-spherical gold nanoparticles are produced 
under enzymatic interaction, depending on the prostate-specific antigen or p24 levels. 
Since its publication, this sensing principle has been further applied to other 
biomarkers.261,262 Coronado-Puchau et al. were able to correlate the growth of AuNRs 
to the levels of a nerve gas analogue by enzymatically-quenching the nanorod 
growth.263 Even though these designs that combine the synthesis and sensing in a 
single step are superior to the traditional approaches, they all rely on enzyme-based 
signal generation, which increases the design complexity and experimental times.  
Nanotechnology and nanosensing have the potential to benefit several biomedical 
fields such as sunlight-related disease prevention.264 The impact of UV radiation (UVR) 
on human health has become a major concern according to World Health Organization 
(WHO), due to the strong increase on skin cancer incidence and ozone depletion over 
the last decades.265 The exposure of skin to solar UVR produces erythema,266 a skin 
inflammation commonly known as “sunburn”. The UVR damages the epidermal DNA, 
mostly producing pyrimidine dimmers.267 Those lesions are premutagenic and have 
been linked to many UV-related diseases, such as immunosuppression.267 Even 
though the DNA integrity is generally restored by repair processes and the damaged 
cells are eliminated by apoptosis,268 the malfunction of those mechanisms may lead to 
melanoma.269 Nevertheless, an opposite health issue related to the lack of UV 
exposure has recently emerged as widespread threat, i.e. vitamin D insufficiency, 
which is directly linked to several bone disease, such as rickets and osteomalacia.270 
Therefore, novel and inexpensive systems capable of measuring human exposure to 
UV are required. 
In this work, we study the effect of growing anisotropic gold nanoparticles, i.e. 
nanorods and nanoworms, in a photoresponsive medium. We demonstrate that the UV 
irradiation induces physical and chemical changes on the growth solution, which 
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ultimately controls the nanoparticle dimensions. Furthermore, we apply those UV-
depending syntheses as enzyme-free in situ growth sensors for solar UVR exposure 
and erythema prediction.   
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4.2 Experimental section  
 
4.2.1 Materials 
 
The following products were used as received. Hydrogen tetrachloroaurate (HAuCl4, 
99.99% trace metals basis, 30 wt. % in dilute HCl), silver nitrate (AgNO3, 99%), 
hydrogen chloride (HCl, 37% wt in water), L-ascorbic acid (crystalline), sodium 
borohydride (NaBH4, 98%) ortho-methoxycinnamic acid (OMCA, predominantly trans, 
98%) were purchased from Sigma-Aldrich. Hexadecyltrimethylammonium bromide 
(CTAB, >98%) and cis-ortho-methoxycinnamic acid (99%) were purchased from Tokyo 
Chemical Industry.  
All the water employed in the experiments was obtained with a Milli-Q Integral 5 
system.  
 
4.2.2 Sample irradiation 
 
UV irradiations. 7.5 ml solutions made of CTAB (133.3 mM) and trans-OMCA (6.7 
mM) and contained in sealed glass vials were irradiated in a 400 W UV chamber 
(DYMAX light curing system, Model 2000 Flood) with maximum irradiation from 300 to 
450 nm. The irradiations were carried in air atmosphere. 
 
Solar-simulated irradiations. Solutions with the same composition as in the UV 
irradiation were irradiated in a 400 W solar simulator (Honle UV Technology, model 
SOL 2). The irradiations were carried in air atmosphere.  
 
4.2.3 Synthesis of AuNRs 
 
Synthesis of seeds. The reaction was performed at 23 °C. The CTAB solution (5 ml, 
0.2 M) was added to a 5.0 mL solution of HAuCl4 0.5 mM. While the mixture was being 
vigorously stirred, 0.6 mL of ice-cold NaBH4 10 mM were added at once. The seed 
solution was stirred for 30 s and was left undisturbed for 1 h. Then, the seeds were 
immediately used to synthesize the gold nanorods.  
 
Synthesis of rods. 250 L of AgNO3 (4 mM) were added to the previously irradiated 
solution (7.5 ml, 133.3 mM CTAB and 6.7 mM trans-OMCA).  The solution was kept 
undisturbed for 15 min, after which 2.5 mL of HAuCl4 (2 mM) were added. After slow 
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stirring, ascorbic acid (60 L, 79 mM) was introduced into the growth solution, which 
lost its orange colour and yielded a colourless solution, because of the reduction of 
Au3+ to Au1+. The mixture was vigorously stirred for 30 s and 60 L of the seed solution 
were added.  Finally, the growth solution was vigorously stirred for 30 s and left 
undisturbed for 12 h. The gold nanorods were isolated by centrifugation at 8000 rpm 
for 15 min followed by removal of the supernatant twice. The precipitate was re-
dispersed in 10 ml of Milli-Q water, yielding a pale red solution. 
 
4.2.4 Synthesis of AuNWs 
 
The reaction was performed at 23 °C. 70 L of freshly prepared NaOH (1 M) were 
added to the irradiated solution (7.5 ml, 133.3 mM CTAB and 6.7 mM trans-OMCA) 
under vigorous stirring. 2.5 mL of HAuCl4 (1 mM) were immediately introduced into the 
growth solution, changing the colour solution to pale yellow. While keeping the 
vigorous stirring, ascorbic acid (34 L, 79 mM) was added, yielding a colourless 
solution. The loss of the colour was followed by the addition of 250 L of AgNO3 (4 
mM). The final solution was stirred for 30 s and left undisturbed for 12 h. A fast change 
in the colour from colourless to dark red-brown occurs few minutes after the addition of 
the last reagent, indicating the formation of AuNWs, which were isolated by 
centrifugation at 7000 rpm for 10 min followed by removal of the supernatant twice. 
The precipitate was re-dispersed in 10 ml of Milli-Q water, yielding a red-brown 
solution.  
 
4.2.5 Simulated sunlight calculations 
 
The solar-simulated irradiance was measured with a solar meter (DAYSTAR DS-05 
model; Daystar, inc.) and optical filters. The UV solar-simulated irradiance of the lamp 
is 73 W/m2, which is in good agreement with the ASTM-G173 standard, i.e. UV Sun 
irradiance of 63 or 91 W/m2 depending if considering diffusion radiation.271 The non-
erythemally weighted UV radiant exposure (J/m2) was calculated by integrating 
irradiance over exposure times. For erythemally weighted, the solar-simulated 
irradiance was decomposed in single irradiances for every wavelength by assuming 
that the solar lamp and sun irradiances have the same wavelength profile. The global 
sun irradiance from ASTM-G173 standard was used as a reference. The erythemally 
weighted irradiance was calculated by applying the CIE-standard erythemal weight 
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function to the lamp irradiance. Finally, the irradiance was integrated over time to 
obtain the erythemally weighted exposure. 
 
4.2.6 Characterization 
 
Transmission electron microscopy (TEM) images and high-resolution TEM (HR-TEM) 
images were obtained with a JEM-2100 microscope operating at 200 kV. The optical 
extinction spectra were recorded using a Spectramax M2/M2e UV/Vis/NIR 
spectrophotometer. The growth of the nanoparticles was studied with a Cary 60 UV-Vis 
from Agilent Technologies. The dynamic light scattering (DLS) measurements were 
performed with a Zetasizer Nano Z from Malvern Instruments. The X-ray diffraction 
(XRD) measurements were performed with D8 Discover Gadds. pH measurements 
were recorded with an Orion Star A111 Benchtop meter from Thermo Scientific. The IR 
spectra were acquired from solid samples with a FTIR spectrometer (Perkin Elmer 
Spectrum 2000 with Autoimage). The samples were irradiated in ethanol, dried and 
grinded with potassium bromide, followed by film pelletization before the 
measurements. The 1H-NMR spectra were collected with a Bruker DRX 400 MHz. 
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4.3 Results and discussion 
 
4.3.1 Growth of AuNRs 
 
AuNRs are commonly synthesized by seed-mediated methods, where gold salts are 
reduced in the presence of a cationic surfactant (i.e. CTAB) and small gold 
nanoparticles that act as seeds.57,203 When a photosensitive organic acid or salt, which 
photoisomerizes, is added into a CTAB solution, the organic molecules interact 
differently depending on the isomer geometry, providing distinctive rheological 
properties.249–251 OMCA is one of the rare cases, where its photoisomerization (from 
trans to cis form, Fig. 4.1) is irreversible and the rheological changes are only one-way 
and triggered by the absorption of UV light.251 
The effect of UVR on the growth of AuNRs in a photoresponsive fluid, made of CTAB 
and trans-OMCA (final concentrations of 100 and 5 mM, respectively), has been 
studied. The growth of AuNRs following the traditional seed-mediated protocol requires 
acidic conditions,57 which hinders the solubility of OMCA in water. A concentration of 5 
mM was found to be optimal, since bigger amounts of OMCA precipitated over time.  
Identical solutions were irradiated with UV light for different exposure times, before 
being used in the synthesis of the nanoparticles. The TEM images of the rods grown in 
those solutions are presented in Fig. 4.2A. Even though the aspect ratio of AuNRs 
increases from 3.5 to 3.9 with increasing UVR, the length and the width don’t follow a 
clear tendency with the exposure time (Fig. 4.2B). Interestingly, AuNRs obtained after 
15 min of irradiation present two different populations. One made of bigger rods (38.0  
6.0  9.8  1.0 nm) and the other composed of rice-shaped rods (31.8  7.2  8.0  1.2 
nm) with aspect ratios of 3.9  0.6 and 4.0  0.7, respectively. This may suggest a 
complex combination of phenomena that results on the tuning of the AuNR aspect 
ratio. The underlying mechanism is thoroughly discussed in 4.3.3 Insights into the 
growth mechanism and the role of OMCA section of this chapter. The statistical 
significance of the different aspect ratios  
 
Fig. 4.1.  Photoisomerization of OMCA from trans to cis form. 
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Fig. 4.2. (A) TEM images of AuNRs grown in the photoresponsive fluid after UV irradiation for (a) 0, (b) 1, (c) 2.5, (d) 5, 
(e) 10 and (f) 15 min. AuNR aspect ratios are displayed below the TEM images. Scale bars represent 50 nm. (B) Plot of 
the length and width of the grown AuNRs. (C) Corresponding absorbance spectra of the AuNRs. (D) Variation of the 
ratio between the AuNR longitudinal (AL) and transversal (AT) LSPR bands as a function of UV exposure time. 
 
has been evaluated by Welch’s t-tests (Table S4.1) and the effect size (i.e. 
standardized measure of the strength of the effect) by Cohen’s d calculations (Table 
S4.2). These analyses show the aspect ratio of the rods increase with a precision of 
0.1 for the range between 3.5 and 3.9 with small Cohen’s d values (0.16 ≤ d ≤ 0.20) but 
statistical significance (p < 0.05). In other words, even though the effect of the UVR on 
the aspect ratio is small, it is statistically significant. The change of the rod morphology 
contributes to increase and shift of the longitudinal localized surface plasmon 
resonance (L-LSPR) band from 813 up to 862 nm (Fig. 4.2C). Fig. 4.2D presents the 
intensity ratio between the two LSPR bands (AL/AT) of the AuNRs grown after different 
irradiation times. The ratio values shift from 1.4 to 4.7 with increasing UVR times, and 
saturation is reached after 10 min of irradiation. It is important to note that the strong 
shift of AL/AT by UVR suggests that the variation of the AuNR’s optical properties can 
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be used as transducer signal for robust UV-sensing. Nevertheless, the L-LSPR bands 
in all the nanoparticle solutions are in the near-IR region, outside of the visual 
spectrum. Thus, those changes are not detectable by naked eye and require UV-Vis 
spectrometer as quantitative detection system. 
 
Fig. 4.3. (A) Absorbance spectra of the AuNRs grown in the photoresponsive fluid over the time. (B) Correlation 
between the intensity ratio of the AuNR longitudinal (AL) and transversal (AT) LSPR bands with reaction time in the 
presence (blue) and absence (red) of 5 mM trans-OMCA. The UV irradiation time is 0 min. (C) Variation of Au
3+
 
absorbance ratio at 450 (characteristic absorbance band of Au
3+
) and 600 nm (reference point), as a function of time in 
the presence of (blue) cis-OMCA or (red) trans-OMCA under AuNR growth conditions. 
 
The growth kinetics of the rods was studied by UV-Vis spectroscopy. Fig. 4.3A 
presents the evolution of AuNR growth in the presence of 5 mM trans-OMCA. A wide 
plasmon band appears around 720 nm after 16 min of reaction. It red-shifts and its 
intensity increases as the reaction progresses. The growth of the AuNRs is completed 
after 54 min and no further changes are observed in the spectrum. Interestingly, 
standard protocols for the synthesis of AuNRs (i.e. in absence of trans-OMCA) require 
higher amounts of ascorbic acid, which is the essential reagent for the gold reduction. 
OMCA presents mild reducing behaviour, which may play a role in the reduction of gold 
salts. Therefore, we compared the AuNR growth kinetics in the presence and absence 
of trans-OMCA. Fig. 4.3B shows the intensity ratio between the two AuNR LSPR bands 
(AL/AT) against the experimental time. In the presence of trans-OMCA, AuNR growth 
takes 54 min to complete, as previously described. On the other hand, AuNRs don’t 
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grow in the absence of trans-OMCA. We hypothesize that trans-OMCA contributes to 
the gold reduction, and ascorbic acid at 79 mM (60 l) by itself is not enough to reduce 
the gold salts to metallic gold. It is worth to mention that several aromatic compounds 
have been reported reducing gold salts in the formation of gold nanoparticles.272–275 To 
confirm this hypothesis, a growth solution (containing 0.5 mM HAuCl4) was left 
undisturbed without adding ascorbic acid and seeds. Fig. 4.3C shows the slow 
reduction of Au3+ to Au+ in the presence of trans and cis-OMCA (the difference 
between the reduction behaviour of both isomers and its consequences are discussed 
in 4.3.3 Insights into the growth mechanism and the role of OMCA section). Au+ is not 
further reduced to metallic gold, as observed by the absence of plasmon band. 
Interestingly, OMCA by itself requires significantly larger times to reduce Au3+ to Au+ 
than ascorbic acid, i.e. 10 h (Fig. 4.3C) and few seconds (Fig. 4.3B), respectively. 
AuNR growth and gold reduction kinetics suggest that even though OMCA’s 
contribution to reduce the gold salts is very small, it is essential for the final growth of 
the rods.  
 
Fig. 4.4. (A) HR-TEM image of AuNRs synthesized in the photoresponsive fluid. The inset in the image is the fast 
Fourier transform pattern of the selected region. Scale bar represents 5 nm. (B) XRD pattern of AuNRs obtained in the 
photoresponsive fluid. Asterisk denotes a substrate peak (Si (444)).
276
 The UV irradiation time is 0 min. 
 
Finally, the crystalline structure of the nanoparticles was characterized. HR-TEM 
images indicate that the rods are single-crystal, growing along the [001] direction (Fig. 
4.4A). The analysis of the fast Fourier transform (FFT) obtained from the HR-TEM 
images shows face-centered cubic (fcc) spot pattern, acquired along the [110] zone 
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axis. Furthermore, the XRD patterns present strong peaks at (111) and (200), which 
are coherent with metallic gold (Fig. 4.4B). 
 
4.3.2 Growth of AuNWs 
 
The reducing behaviour of ascorbic acid is pH-dependent.277 When the pH of the 
growth solution is increased (pH  11), ascorbic acid can completely reduce Au3+ to 
Au0 without the presence of seeds. Due to the fast reduction kinetics, CTAB cannot 
efficiently break the nanoparticle symmetry and effectively induce the growth of 
AuNRs.278 Nevertheless, twisted gold nanowires (i.e. AuNWs) can be formed at that 
basic pH under highly controlled conditions.246 It has been proposed that CTAB’s 
higher affinity for {100} and {110} facets induces an anisotropic coverage of the newly 
formed nanoparticles, originating electrostatic interactions among them and promoting 
their oriented attachment.246 The deposition of reduced gold on top of those assembled 
nanoparticles yields the final AuNWs. 
 
Fig. 4.5. (A) TEM images of AuNWs grown in the photoresponsive fluid after (a) 0, (b) 1, (c) 2.5, (d) 5, (e) 10 and (f) 15 
min of UV irradiation. AuNW aspect ratios are displayed below the TEM images.  Scale bars represent 100 nm. (B) Plot 
of the length and width of grown AuNWs. AuNW length is defined as the distance between the two longitudinal ends, if 
the AuNW was completely extended. (C) Absorbance spectra of AuNWs grown in the photoresponsive fluid after 0, 1, 
2.5, 5, 10 and 15 min of UV irradiation. 
 
To study the growth of AuNWs in a photoresponsive fluid, several solutions with same 
composition (i.e. final concentration of 100 mM CTAB and 5 mM trans-OMCA) were 
exposed to UVR for different times. Those solutions were lately used to synthesize the 
AuNWs shown in Fig. 4.5A. The aspect ratio of the worms decreases from 5.5 to 3.9 
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upon 15 min of irradiation. Interestingly, this is the opposite phenomenon that the one 
observed for AuNRs, where their aspect ratio increases with UVR. Those variations of 
the aspect ratio are statistically significant (p < 0.05, Table S4.3) with big Cohen’s d 
values (d ≥ 1.00, Table S4.4). Both length and width decrease upon UVR exposure, 
from 137.4 to 71.2 nm and from 25.0 to 18.2 nm, respectively (Fig. 4.5B). Due to the 
decrease in the aspect ratio, the L-LSPR band shifts from above 995 to 800 nm (Fig. 
4.5C). 
 
Fig. 4.6. (A) Absorbance spectra of the AuNWs grown in the photoresponsive fluid over the time (from 0 to 100 min). 
(B) Correlation between the absorbance intensity at 975 nm against reaction time. The two phases of AuNW growth, 
i.e. fast formation of the plasmon bands and their slow increase, are highlighted in blue and green, respectively. The 
UV irradiation time is 0 min. (C) Variation of Au
3+
 absorbance ratio at 450 and 600 nm, as a function of time in the 
presence of (blue) cis-OMCA or (red) trans-OMCA under AuNW growth conditions. 
 
The growth of AuNWs studied by UV-Vis spectroscopy presents two clear phases. The 
first one is the fast formation of a broad plasmon band around 500 nm, which indicates 
the growth of gold nanocrystals above 2 nm in size,279 and small L-LSPR band within 
the first 2 min of reaction (Fig. 4.6A). In a second phase the AuNWs start growing, as 
indicated by the increase of both plasmon bands, in a slower process that lasts around 
83 min (Fig. 4.6B). It is worth mentioning, that the appearance of the first plasmon 
band is significantly faster in the case of AuNWs than in the AuNRs, being 30 s and 16 
min, respectively. Nevertheless, the total growth time for AuNRs is shorter than the one 
for AuNWs, being 54 and 85 min, respectively. This observation suggests that, 
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although the initial formation of nanoparticles in the AuNW synthesis is fast, the 
nanoparticle oriented attachment and further gold deposition on top of them is a 
remarkably slower process. 
In the previous section we proved that OMCA presents a pivotal role in the reduction of 
gold salts in AuNR synthesis, together with ascorbic acid. Here, we performed the 
same study under AuNW growth conditions (Fig. 4.6C). We found that total reduction 
of Au3+ to Au+ occurs after 15 min of reaction in absence of ascorbic acid. This is 
significantly faster than the reduction occurred under AuNR growth conditions (i.e. 10 
h). We hypothesize that the faster reduction kinetics is the result of two factors: 1) 
Stronger reducing power of OMCA at higher pH (i.e. cinnamic acid family presents 
stronger reducing capabilities at higher pH).280–282 2) the lower concentration of Au3+ in 
solution. Nevertheless, the same as observed for AuNR synthesis, OMCA is 
insufficient to completely reduce gold salts to metallic gold and nanoparticles don’t 
grow in solution. This is confirmed by the absence of plasmon band around 500 nm. 
 
Fig. 4.7. (A) TEM image of the AuNWs. The circles highlight the areas of different domains. Scale bar represents 10 
nm. (B)  HR-TEM image of AuNW with different atomic lattice directions highlighted in white. Scale bar represents 10 
nm. (C) HR-TEM image of AuNWs synthesized in the photoresponsive fluid. The inset in the image is the fast Fourier 
transform pattern of the AuNW. Scale bar represents 5 nm. (D) XRD pattern of AuNWs obtained in the photoresponsive 
fluid.  The UV irradiation time is 0 min. 
 
Another important information concerning the AuNW growth is observed in the TEM 
images (Fig. 4.7A). As Ahmed et al. had previously reported,246 AuNWs present 
distinguishable domains, which are most likely formed from the attachment of different 
nanoparticles. HR-TEM images show that the different domains present indeed 
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different crystal orientation (Fig. 4.7B). The nanoworm polycrystallinity is further 
confirmed by the ring structure in the FFT obtained from the HR-TEM images (Fig. 
4.7C). Finally, the XRD pattern is coherent with the electron diffraction pattern, showing 
two strong peaks at (111) and (200) and three smaller at (220), (311) and (222), which 
are characteristic of metallic gold (Fig. 4.7D).  
 
4.3.3 Insights into the growth mechanism and the role of OMCA 
 
The experimental results of the previous sections prove that UV light can affect the 
morphology of anisotropic gold nanoparticles grown in a photoresponsive fluid. In this 
section we list the main observations that will lead to the understanding of the 
mechanism behind this phenomenon. 
First, OMCA photoisomerization was characterized by UV-Vis spectroscopy. Fig. 4.8A 
presents the spectra of solutions containing 100 mM CTAB and 5 mM trans-OMCA 
after irradiation with UV light. The two absorbance peaks blue-shift and their 
absorbance intensities decrease upon irradiation, indicating that the photoisomerization 
from trans to cis occurs. Interestingly, not all trans-OMCA is converted to its cis isomer, 
and the photostationary equilibrium is reached when around 83% of all OMCA 
molecules are in cis form. This is in agreement with previous literature values.251 The 
spectra of both isomers were also recorded in absence of CTAB and similar results are 
observed (Fig. 4.8B). FTIR and NMR spectroscopies were used to further characterise 
the photoisomerization. The FTIR spectra of trans (after being irradiated with UV light 
for 0, 5, 10 or 15 min) and cis-OMCA were acquired. Trans and cis isomers can be 
distinguished by the position of their acrylic out-of-plane =C-H bending bands (=C-H) 
283, which are located at 879284 and 837 cm-1,285 respectively. In addition, cis-OMCA 
presents a characteristic ring breathing band (RB) around 793 cm-1.285 Fig. 9A shows 
 
Fig. 4.8.  (A) Absorbance spectra of trans-OMCA (in a solution made of 100 mM CTAB and 5 mM trans-OMCA) after 
being irradiated with UV light for 0, 1, 2.5, 5, 10 and 15 min. The spectrum of cis-OMCA (dashed line) is plotted for 
reference. (B)  Absorbance spectra of 1 mM trans-OMCA (purple) and cis-OMCA (red), and their pH. 
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the decrease of the band at 879 cm-1 and the increase of both 837 and 793 cm-1 bands 
with increasing UVR time. Furthermore, trans-OMCA presents a characteristic aromatic 
C-H in-plane bending vibration (C-H) located at 996 cm-1,284 which decreases with the  
UVR. 
 
Fig. 4.9. (A) FTIR spectra of cis-OMCA and trans-OMCA after being irradiated with UV light for 0, 5, 10 or 15 min. (B) 
1
H-NMR spectra of cis-OMCA and trans-OMCA before and after being irradiated for 15 min in DMSO-d6. 
 
All those results are coherent with photoisomerization trans to cis. There are changes 
in other characteristic bands that are also consistent with photoisomerization. The 
samples’ irradiation increases the two strong C-C stretching vibrations (sC-C) at 1291 
and 1246 cm-1 associated to cis-OMCA,285 while the two less-intense bands at 1302 
and 1202 cm-1 linked to trans-OMCA284 decrease in intensity. It is worth mentioning that 
all spectra present the characteristic bands of the acrylic C=C vibration (vC=C) at 1622 
cm-1 for trans284 or at 1639 cm-1 for cis-OMCA.285 The existence of those vC=C 
vibrations confirms that UVR does not induce photodimerization.286 The 1H-NMR 
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spectra of trans (before and after being irradiated for 15 min) and cis-OMCA in DMSO-
d6 were also collected (Fig. 4.9B) to complement the FTIR studies. The 
1H chemical 
shifts are summarized in Table 4.1 and assigned on the basis of theoretical estimations 
(performed with the commercial Chemdraw Ultra software) and literature values of 
related cinnamic compounds.287 The main difference between the two isomers is the 
peak positions of the acrylic hydrogens, which are located at 6.54 (H2) and 7.86 pm 
(H3) for trans and 5.97 (H2') and 7.02 pm (H3') for cis-OMCA. After 15 min of UVR, 
trans-OMCA spectrum presents peaks from both isomers, with the stronger ones 
associated to the cis form. This suggests that the photoisomerization has occurred but 
it was incomplete. An isomerization yield of 80% is calculated by integrating the signal 
intensities. This value is in agreement with the yield previously calculated from the UV-
Vis data (i.e. 83 %). 
Table 4.1.  
1
H Chemical shifts (, ppm) of trans and cis-OMCA in 
DMSO-d6 
 trans-OMCA (, ppm) cis-OMCA (, ppm) 
 Exp. Calculated Exp. Calculated 
H2 6.54 6.16 5.97 6.14 
H3 7.86 8.04 7.02 7.62 
H4 7.70 7.66 7.49 7.66 
H5 7.02 7.02 6.93 7.02 
H6 7.44 7.49 7.35 7.49 
H7 7.11 7.07 7.04 7.10 
 
Second, trans and cis isomers of cinnamic acid derivates are known to present 
distinctive physical and chemical properties, such as pKa288,289 or freezing point.290 
Those differences are due to the conjugation between the double bound and the 
aromatic ring, which is sterically hindered in the cis forms.291 Furthermore, trans-OMCA 
presents stronger association with CTAB micelles than the cis isomer, most likely due 
to its geometry and higher hydrophobicity.251 Therefore, the effect of UV light on the 
nanoparticle tuning has to be analyzed from two different points of views, i.e. changes 
on the interaction between surfactant and OMCA and changes on the growth solution 
conditions triggered by the isomerization.  
Third, ascorbic acid presents two pKa, one at 4.04292 (i.e. transition from protonated 
form to ascorbate monoanion) and the other at 11.34293 (i.e. transition from ascorbate 
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monoanion to dianionic form). It is generally accepted that the reducing behaviour of 
ascorbic acid increases from protonated to dianionic form.294–296 Thus, its antioxidant 
strength increases with the pH, as stronger reducing species are produced in the 
medium. The pH of the growth solution was studied for different UV irradiation times 
before the addition of ascorbic acid and seeds. For AuNR growth solutions, the pH 
decreases from 3.06 to 3.01 after 15 min of irradiation (Table 4.2). The trans isomers of 
cinnamic acid family have higher pKa than that of the cis forms.288,289 Therefore, the 
photoisomerization produces more acidic species, which decrease the solution’s pH. 
The higher acidity of cis-OMCA isomer was confirmed by comparing the pH of the 
solutions of the two isomers at 1 mM (Fig. 4.8B). The decrease of pH reduces ascorbic 
acid’s reducing strength, slowing the growth of the rods. Smaller reducing capacity has 
been proved to be a key parameter to obtain larger aspect ratio AuNRs, since it allows 
the CTAB to direct the nanoparticle growth.278 In the case of AuNW growth solutions, 
the UV irradiation increases the pH from 10.90 to 11.03 (Table 4.2), which contributes 
to faster gold reduction and shorter aspect ratio worms. Even though it is not clear why 
the UV irradiation increases the pH in AuNW growth solutions, we hypothesize that 
may be the result of a complex combination of changes induced by the 
photoisomerization (e.g. isomer’s solubility251 and redox potential288,289) and the 
solution’s high pH (e.g. decrease on the stability of cinnamic acid derivatives297). 
Fourth, another property that changes between isomers is their reduction and oxidation 
behaviour.298 Previously, we proved that OMCA contributes to reduce gold salts in the 
photoresponsive synthesis. Thus, a change on the OMCA reduction potential can 
affect the growth of the nanoparticles. The reduction behaviour of both OMCA isomers 
was studied under AuNR and AuNW growth conditions. Fig. 4.3C presents the Au3+ 
reduction kinetics in the AuNR growth solution (pH  3) by the action of both isomers. 
cis-OMCA presents faster reduction kinetics than trans. Therefore, photoisomerization 
from trans to cis-OMCA promotes faster gold reduction and contributes to obtain 
shorter rods. On the other side, the Au3+ reduction kinetics in the AuNW growth 
Table 4.2. Growth solution pH after UV irradiation. 
UV - Exposure (min) 
pH in AuNW 
growth solution 
Standard Dev. 
pH in AuNR 
growth solution 
Standard Dev. 
0 10.90 0.01 3.06 0.03 
2.5 10.98 0.03 3.06 0.02 
5 10.99 0.01 3.05 0.02 
10 11.01 0.02 3.05 0.03 
15 11.03 0.03 3.01 0.02 
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solution (pH  11) are very similar for both isomers (Fig. 4.6C) and no major 
differences are expected in the AuNW growth.    
Fifth, OMCA geometry affects the molecular packing of the CTAB/OMCA system and 
the final micelle morphology. Micelle shape transitions, such as wormlike to shorter rod 
micelles, have been obtained by irradiating a solution containing CTAB and trans-
OMCA (i.e. 60 and 50 mM, respectively) with UV light.251 Recently, it has been proved 
that CTAB micelle morphology affects the growth of AuNRs and their final aspect 
ratio.59 Based on those observations, we studied if the UV light induces changes on 
CTAB micelle morphology, which could explain the nanoparticle tuning. Table 4.3 
presents the hydrodynamic diameter of CTAB micelles in the growth solutions 
measured by dynamic light scattering (DLS). The micelle sizes are constant and 
independent of the irradiation time, with no morphological changes (i.e. size or shape) 
detectable by DLS. Nevertheless, AuNR and AuNW growth solutions present different 
micelle size, 0.9 and 1.5 nm, respectively. This size difference is likely due to the 
different pH. Aromatic counterions interact with CTAB micelles by inserting the 
aromatic ring in the surfactant aliphatic chain, while keeping the anionic part between 
the polar heads.248 This decreases the electrostatic repulsion between the CTAB polar 
heads, bringing the surfactant molecules closer and inducing the growth of the micelle. 
The OMCA pKa is 4.70.299 Thus, higher concentration of anionic OMCA is produced at 
pH  11 than 3 (i.e. growth condition for AuNW and AuNR synthesis, respectively). 
Since, anionic OMCA can strongly screen the electrostatic repulsion between CTAB 
polar heads, AuNW growth solutions present larger micelles.  
In conclusion, OMCA presents four key characteristics: it is photoresponsive; OMCA 
isomers have different redox behaviour; it affects the pH of the solution; and it has a 
structural role in forming the CTAB micelles. Table 4.4 summarizes the mechanistic 
observations described in the previous paragraphs. The increase of pH under AuNW 
growth conditions, promotes shorter aspect ratio worms. Both isomers present similar 
Table 4.3. Hydrodynamic diameter (DH) of CTAB micelles after UV irradiation. 
UV - 
Exposure 
(min) 
DH (nm) in AuNW 
growth solution 
Standard Dev. 
DH (nm) in AuNR 
growth solution 
Standard Dev. 
0 1.47 0.02 0.94 0.03 
1 1.50 0.05 0.94 0.04 
2.5 1.47 0.04 0.97 0.09 
5 1.48 0.02 0.94 0.05 
10 1.47 0.02 0.93 0.04 
15 1.49 0.03 0.89 0.09 
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reduction behaviour at those conditions, thus the nanoworm aspect ratio decreases 
upon UVR. On the other hand, UV light decreases the pH under AuNR growth 
conditions, promoting larger aspect ratio rods. However, the photoisomerization of 
trans-OMCA yields cis isomer, which presents stronger reduction behaviour at that pH 
and contributes to shorter rods. The two factors confront and promote opposing results. 
This may explain why AuNRs are tuned in a significantly narrower range than that for 
AuNWs, with L-LSPR band shifts of 49 and above 195 nm, respectively. Nevertheless, 
the changes on the pH seem to be more significant than the OMCA-reduction 
behaviour. This can be rationalized since the pH affects the redox potential of ascorbic 
acid, which is the main reducing reagent in the reaction. Finally, the micelle packing 
doesn’t change by the photoisomerization and it doesn’t play a role on the nanoparticle 
tuning. 
 
 
 
 
 
 
 
 
 
 
 
4.3.4 In situ growth sensing of UV radiant exposure for erythema prevention 
 
For sensing applications, UV exposure can be measured as received (i.e. without any 
mathematical treatment) or weighted using an erythemal response function.300 Since 
skin sensitivity to UV is wavelength-dependent, the erythemal response function has 
been developed in order to weight the wavelength effect and provide a single radiant 
exposure value, which can be directly correlated to the biological impact.301,302 Radiant 
exposure can be expressed in different units, such as energy per surface unit (J/m2), 
standard erythemal dose (SED, erythemally weighted radiant exposure unit, equivalent 
to 100 J/m2) or minimal erythemal dose (MED, minimal UVR dose to produce 
detectable erythema in a specific skin type).  
Interestingly, just a small fraction of UV light irradiated by the sun reaches earth 
surface, i.e. UVC (100 – 280 nm) is completely adsorbed by atmospheric oxygen and 
ozone, while UVB (290 – 315 nm) is partially blocked and UVA (315 – 400 nm) weakly 
Table 4.4.  Parameters affecting the nanoparticle aspect ratio. 
 AuNRs AuNWs 
pH + + – – – 
OMCA redox behaviour – = 
Micelle shape = = 
Overall effect + – – – 
+ , – , = : Increasing, decreasing and no effect on nanoparticle 
aspect ratio. 
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attenuated.301 Therefore, when the spectra of erythemal response function and sun 
irradiance at earth’s surface are superimposed, the overlapped area is defined as the 
biologically active UV radiation (Fig. 4.10), which is a range of atmosphere-penetrating 
wavelengths that can induce erythema.301,302  
 
Fig. 4.10.  Spectra of erythemal response function (green),
301
 sun irradiance at earth’s surface (orange),
271
 biologically 
active UV radiation (purple)
301
 and trans-OMCA absorbance (blue). 
 
We propose using the UV-dependent growth of anisotropic nanoparticles in 
photoresponsive fluids as plasmonic nanosensor for UV exposure measurement. The 
CTAB / trans-OMCA system presents two main advantages: a) it absorbs in the range 
of both erythemal response function and biological active UV radiation (Fig. 4.10); and 
b) it can tune the morphology of AuNR and AuNW under UV irradiation. AuNRs were 
chosen for the sensing application over AuNWs, since their L-LSPR band is found in 
an easier wavelength range to measure (i.e. AuNW L-LSPR band can shift beyond 
1000 nm). The growth solutions were irradiated with solar-simulated radiation for 
different periods of time before the synthesis of the rods. Fig. 4.11A plots the 
absorbance spectra of the rods grown in those solutions. The L-LSPR band shifts from 
813 to 859 nm after 80 min of irradiation, which is in agreement with the previous 
results presented in this paper. Fig. 4.11B presents a calibration curve built by plotting 
the ratio between the two LSPR bands (AL/AT) with two horizontal axes, the non-
erythemally weighted UV radiant exposure (J/m2) and the erythemally weighted 
standard erythema dose (SED units). Finally, the sensor dynamic range can be divided 
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in MED ranges depending on skin type sensitivity. This allows predicting the potential 
skin damage of a specific radiant exposure. Thus, the system can be used not only as 
a sensor for UV exposure but also as prevention tool against erythema. 
 
Fig. 4.11.  (A) Absorbance spectra of AuNRs grown in the photoresponsive fluid after 0, 20, 40, 60 and 80 min of solar 
simulated irradiation. (B) Variation of the ratio between the AuNR longitudinal (AL) and transversal (AT) LSPR bands as 
a function of non-weighted UV radiant exposure and standard erythemal dose. The graph is divided in areas based on 
the exposure biological effect: harmless exposures (green) and erythema-causing exposures to skin type I (orange), 
type II (pink), type III (red) and type IV (dark red). 
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4.4 Conclusions  
 
We have demonstrated that the physicochemical changes induced by UVR on a 
photoresponsive fluid affect the growth of anisotropic gold nanoparticles, i.e. nanorods 
and nanoworms. The as-prepared nanoparticles’ dimensions, plasmon band position, 
and intensity are highly dependent on the UV irradiation. Interestingly, opposite 
phenomena are observed in the tuning of AuNR and AuNW. While the aspect ratio of 
the rods increases upon irradiating the photoresponsive fluid with UVR and the L-LSPR 
band red-shifts and increases in intensity, the same irradiation decreases the 
nanoworm dimensions and blue shifts its L-LSPR band. This distinctive behaviour 
depends on two factors: the pH change induced by the photoisomerization and the 
distinct reduction behaviour of OMCA isomers. The pH plays a major role on the redox 
behaviour of ascorbic acid, which controls the growth speed and final particle 
dimensions. Based on those findings, we have developed a plasmonic nanosensor for 
UV exposure.  It is an in situ growth sensor that quantifies UV exposure when 
nanoparticles are synthesized.  In this sensor, the UV exposure values can be 
correlated to the minimal UV-dose necessary to develop erythema. Thus, the growth of 
anisotropic nanoparticles in the photoresponsive fluid can be used not just as a 
plasmonic sensor but sunlight-disease prevention tool. Finally, this assay further 
reinforces the breakthrough strategy of combining both synthesis and sensing steps, 
while avoiding post-synthesis functionalization and enzyme-based nanoparticle growth, 
often used in other in situ growth sensors. 
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4.5 Annex  
 
Table S4.1. p-values obtained by Welch t-test (unequal variances t-test), to study if the differences between AuNR 
aspect ratios are statistical significant. 
Time/Time 0 min 1 min 2.5 min 5 min 10 min 15 min 
0 min  0.0007     
1 min   0.5000
 * 
   
2.5 min    0.0000   
5 min     0.0000  
10 min      0.0000 
15 min       
       
*
AuNRs grown after 1 and 2.5 min of UV irradiation present the same aspect ratio.  
 
 
 
Table S4.2. Cohen’s d-values calculated to study the standardised differences between AuNR aspect ratios. 
Time/Time 0 min 1 min 2.5 min 5 min 10 min 15 min 
0 min  0.17     
1 min   0.00
*    
2.5 min    0.20   
5 min     0.20  
10 min      0.16 
15 min       
       
*
AuNRs grown after 1 and 2.5 min of UV irradiation present the same aspect ratio.  
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Table S4.3. p-values obtained by Welch t-test (unequal variances t-test), to study if the differences between AuNW 
aspect ratios are statistical significant. 
Time/Time 0 min 1 min 2.5 min 5 min 10 min 15 min 
0 min  0.0000     
1 min   0.0000
  
   
2.5 min    0.0004   
5 min     0.0000  
10 min      0.0000 
15 min       
       
 
 
 
 
Table S4.4. Cohen’s d-values calculated to study the standardised differences between AuNW aspect ratios. 
Time/Time 0 min 1 min 2.5 min 5 min 10 min 15 min 
0 min  1.44     
1 min   1.08
 
   
2.5 min    1.18   
5 min     1.83  
10 min      1.00 
15 min       
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Chapter 5 
 
 
An Enzyme-free Plasmonic Nanosensor with Inverse 
Sensitivity for Circulating Cell-free DNA Quantification 
 
 
A plasmonic nanosensor (using gold nanorods) with inverse sensitivity is presented for 
circulating cell-free DNA quantification. The inverse sensitivity (i.e. the lower the 
analyte concentration, the higher the response intensity) is achieved by the unusual 
DNA concentration-dependent gold nanorod aggregation. This assay method can 
adjust the dynamic range by controlling the concentration of nanoparticles in solution.  
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5.1 Introduction  
 
Currently, biopsy is the only method that can diagnose cancer with absolute 
certainty.303 This medical test involves the removal of tissue from the patient to 
determine the presence and extent of the abnormal cell growth. Several non-invasive 
alternatives have been developed, such as body fluid analysis.304–306 However, the lack 
of sensitivity and specificity of the most serum cancer biomarkers has prevented the 
use of body fluid analysis as definitive non-invasive sensing technique for cancer 
diagnostics.307,308 Nevertheless, the analysis of circulating cell-free DNA (cfDNA), i.e. 
extracellular and mostly double-stranded DNA found in nucleosomes309,310 and other 
complex species310–312 in blood, serum and plasma, has recently emerged as a 
promising new non-invasive liquid biopsy, which allows monitoring the patient’s 
therapeutic response and disease progression.313–315 Even though a few commercial 
kits are available, providing fast and easy-to-use DNA quantification, most of them are 
not able to cover all the physiological cfDNA concentration range. Furthermore, the 
ranges of concentrations of the analysed samples are frequently close to the limit of 
detection (LOD) of those kits, providing small intensity responses, that leads to a low 
reliability. Therefore, new assay concepts are required for a robust quantification of 
cfDNA at low concentration range, especially around the LOD. In analytical chemistry, 
the low reliability for low analyte concentrations near the LOD is a common problem. 
Thus signal amplification strategies, i.e. enzymatic amplification,316 labelling the analyte 
with antibody conjugates317 or employing more sophisticate equipment,318 have been 
largely developed. However, those options also increase the complexity of the design 
and resource investment.   
In this chapter we propose an alternative analytical concept that overcomes the 
limitations of the commercial kits without involving complex designs. Particularly, we 
demonstrate a plasmonic nanosensor for cfDNA (or dsDNA) with inverse sensitivity, i.e. 
the lower the concentration of the analyte is, the higher the response intensity319 (Fig. 
5.1). This concept employs hexadecyltrimethylammonium bromide (CTAB) coated gold 
nanorods (AuNRs) and their electrostatic interactions with dsDNA. The inverse 
sensitivity is achieved by the unusual DNA concentration-dependent AuNR 
aggregation, which can be measured by UV-Vis spectroscopy. This sensor is fast (10 
min), straightforward and easy-to-use (one-step, mixture of 3 solutions). To the best of 
our knowledge, this is the second paper reporting the concept of inverse sensitivity. 
This enables a higher reliability for low concentration analyte detection by creating 
inverse relationship between analyte concentration and signal output, which introduces 
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high signal-to-noise ratio (SNR) for low concentration detection. The first report of such 
concept was performed by L. Rodriguez-Lorenzo et al.,319 where enzymatic catalysed 
gold nanoparticle formation provides the inverse sensitivity for protein biomarker 
detection. In our current work, we further reinforce the inverse sensitivity concept for 
cfDNA detection. Despite of using plasmonic nanoparticles’ optical property as a signal 
output similarly, our method does not involve enzymes and is conceptually simpler 
without involving long experimental times and multi-step procedures. Furthermore, our 
concept allows for a tuneable dynamic range not existing in the first inverse sensitivity 
sensor. 
   
Fig. 5.1. Scheme of the response curves of sensors with (A) inverse sensitivity, (B) inversely proportional response and 
(C) directly proportional response. This scheme has been drawn for clarification purposes and it has not been made 
from real data. 
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5.2 Experimental section  
 
5.2.1 Materials 
 
In the series of experiments that are presented in this article, the following products 
were used as received. Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), silver 
nitrate (AgNO3, 0.1 N), hydrogen chloride (HCl, 37% wt in water), L-ascorbic acid, 
sodium borohydride (NaBH4, 98%) were purchased from Sigma-Aldrich. 
Hexadecyltrimethylammonium bromide (CTAB, >98%) was purchased from Tokyo 
Chemical Industry. The oligos used in this study were purchased from Integrated DNA 
Technologies. Table 5.1 shows their sequences. For the ssDNAs hybridization, the 
sense and antisense strands were annealed at 95 ºC for 5 min and cooled down for 4 h 
in 10 mM Tris-HCl buffer (pH 7.4), yielding their corresponding dsDNA. All the water 
employed in the experiments was obtained with a Mili-Q Integral 5 system.  
 
Table 5.1. Oligonucleotides sequences 
Name Sequence 5’ to 3’ 
180-bp ssDNA CTGGCACTGCCCCGCCCCACCCCTGACTTGCCAGTGAGTCCCAGACAGGCTGGC
GGGATGACACAGGTCACTGTGACCACCTGAGTCACACGCCGTCACTGTGAGGCC
GTGAGTGCCCCAGGCACCGGGACCTGGGGACTGTGCTCTGCGGCCTGTGTACCC
CACAGAACCGGTTCCTTG 
180-bp ssDNA-
rev 
CAAGGAACCGGTTCTGTGGGGTACACAGGCCGCAGAGCACAGTCCCCAGGTCCC
GGTGCCTGGGGCACTCACGGCCTCACAGTGACGGCGTGTGACTCAGGTGGTCAC
AGTGACCTGTGTCATCCCGCCAGCCTGTCTGGGACTCACTGGCAAGTCAGGGGT
GGGGCGGGGCAGTGCCAG 
  
 
5.2.2 Characterization 
 
Transmission electron microscopy (TEM) images were acquired with a Philips CM300 
FEG TEM operating at 300 kV. The optical extinction spectra were recorded using a 
Synergy 2 Multi-Mode Reader spectrophotometer from BioTek Instruments, Inc. The 
fluorescence spectra were obtained by an InfiniteM200 from Tecan. The dynamic light 
scattering (DLS) measurements were performed with a DynaPro PlateReader-II from 
Wyatt Technology Corporation. The nanoparticle zeta potentials were recorded with a 
Zetasizer Nano Z from Malvern Instruments.  
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5.2.3 Synthesis of AuNRs 
 
The AuNRs were synthesized via seed-mediated method. Briefly, Au seeds were 
obtained by adding at once 0.6 mL ice-cold NaBH4 (10mM) into a 10 mL solution of 
CTAB (0.1M) and HAuCl4 (0.25 mM) while vigorously stirred. The solution was stirred 
for 30 s and left undisturbed for 30 min.  
Au NRs were synthesized by adding 250 L of AgNO3 (4 mM) into 5.0 mL solution of 
CTAB (0.1 M).  The solution was kept undisturbed for 15 min, after which 5 mL of 
HAuCl4 (1 mM) and 12 L of HCl (37%) were added. After slow stirring, ascorbic acid 
(75 L, 79 mM) was introduced. The mixture was vigorously stirred for 30 sec and 60 
L of the seed solution were added.  Finally, the growth solution was vigorously stirred 
for 30 sec and left undisturbed for 12 h. The Au NRs were isolated by centrifugation 
twice at 7000 rpm for 15 min followed by removal of the supernatant. The final 
precipitate was diluted in 20 mL of water before used. 
 
5.2.4 Colorimetric detection of dsDNA 
 
The assay was performed after preparing dsDNA solutions with different 
concentrations in 8 mM Tris-HCl buffer (pH 7.4). 25 L of those solutions were added 
into 75 L of as-prepared Au NRs. The final concentrations of dsDNA ranged from 0 to 
100 nM. The mixtures were incubated at room temperature for 10 min and the UV-Vis 
spectra were recorded afterwards.   
 
5.2.5 Fluorescence assays 
 
dsDNA was incubated with thiazole orange (TO) in a proportion of 1:40 in Tris 10 mM 
buffer at room temperature for 30 min. Saturation of dsDNA with TO is achieved at 
ratio of 1 dye to 2 base pairs.320 Because we wanted to make sure that all TO was 
bound to dsDNA, a ratio of 1 dsDNA to 40 TO was selected (1 dye to 4.5 base pairs). 
The fluorescence of several dilutions, ranging from 0 to 50 nM, was measured in the 
absence and presence of AuNRs (OD890 = 0.48). 
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5.3 Results and discussion 
 
5.3.1 Inverse response 
 
The AuNRs used in this work were synthesized by seed-mediated method with CTAB 
as a surfactant,57 which results in a positively charged gold surface. When negatively 
charged molecules are mixed with AuNRs, the rods aggregate.321 Several reports have 
published apparently contradictory results, i.e. a few groups reporting the AuNR 
aggregation by dsDNA322,323 while others found that dsDNA can protect them against 
aggregation.324,325 We discovered that the result of the interaction between dsDNA and 
AuNR is concentration dependent, and therefore both induction of AuNR aggregation 
and protection against aggregation occur depending on the dsDNA and AuNR 
concentrations. Both phenomena can be followed by the shift of the longitudinal 
localised surface plasmon resonance band (L-LSPR) as a consequence of the 
plasmon coupling between contiguous rods.  
Fig. 5.2A shows the UV-Vis spectra of AuNRs (optical density at 890 nm, OD890 of 
0.48) with aspect ratio (AR) of 4.9 mixed with dsDNA (in 8 mM Tris buffer) at different 
concentrations. The dsDNA molecules were 180 base-pair long, which is the typical 
length of the cfDNA fragments originated from apoptotic cells.326 The Tris buffer is the 
most common buffer used by the commercial DNA extraction kits.327 Since cfDNA is 
commonly adsorbed on other species in biological samples (e.g. proteins309,310 and lipid 
membranes310–312), its extraction is an essential step prior to the analysis using any 
commercial quantification kit,328 and our plasmonic sensing method. Initially, the 
dsDNA induces the assembly of the rods, red-shifting the L-LSPR band from 890 to 
995 nm at 2.5 nM. However, further addition of dsDNA promotes the opposite 
phenomenon, i.e. disaggregation of the rods. The L-LSPR band blue-shifts back, up to 
895 nm at 50 nM dsDNA. The aggregation and disaggregation is quantified using the 
absorbance ratio at 510 and 890 nm wavelengths (A510/A890) for different dsDNA 
concentrations in Fig. 5.2B. The limit of detection (LOD) is 2.5 nM, which is calculated 
as the lowest analyte concentration that is detected in the inverse-sensitivity regime, 
and the dynamic range is from 2.5 to 50 nM. The response curve of the sensor has 
been divided in two concentration regimes, i.e. below (green) and above (blue) the 
LOD, respectively. It is noteworthy that the below LOD regime presents normal 
sensitivity with increasing signal with the analyte concentration. This lower 
concentration regime is so narrow (5 % of the concentration of the full response curve) 
that can be neglected, yielding an inverse sensitivity sensor closer to the idealistic 
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performance, i.e. zero response below the LOD. Additionally, the sample concentration 
within the higher concentration regime (i.e. the one with inverse sensitivity response) 
can be confirmed by diluting the sample for a second test. An increase of A510/A890 is 
expected if the sample is within this higher concentration regime. Otherwise a 
decrease of A510/A890 would be observed if it is in the lower concentration regime. 
Interestingly, the SNR at the LOD is highly enhanced by the inverse sensitivity, e.g. 
SNR at 2.5 nM is 63, in comparison to the conventional sensors, whose SNR at the 
LOD is 3 by definition.329 
 
Fig. 5.2. Characterization of AuNRs (OD890 = 0.48), mixed with different amounts of dsDNA (180bp) in 8 mM Tris buffer. 
(A) UV-Vis spectra at 0 nM (dashed line), 2, 5, 10, 20 and 40 nM DNA (solid lines). (B) Absorbance ratio intensities at 
510 and 890 nm as the function of DNA concentration. The lower and higher concentration regimes are highlighted in 
green and blue, respectively.  
 
Transmission electron microscopy (TEM) studies were performed to characterise the 
AuNRs assembly and disassembly at the nanoscale. Fig. 5.3A reveals well 
monodispersed AuNRs in the absence of dsDNA. After the addition of dsDNA of as low 
as 2 nM, the rods are assembled, yielding several micrometer sized aggregates (Fig. 
5.3B). Upon further addition of dsDNA, e.g. 10 nM, initiates the disaggregation (Fig. 
5.3C). At dsDNA concentration of 20 nM, the original AuNR dispersity is almost 
recovered and only small aggregates are present in the sample (Fig. 5.3D). These 
results are confirmed by dynamic light scattering (DLS), which shows a dramatic 
increase of the AuNR hydrodynamic radius from 8 to 110 nm, after the initial addition of 
dsDNA, and its subsequent decrease back to 14 nm at higher dsDNA concentration 
(Fig. 5.3E).  
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Fig. 5.3. Characterization of AuNR aggregation and disaggregation induced by dsDNA. TEM images at dsDNA 
concentrations of (A) 0, (B) 2, (C) 10 and (D) 20 nM. All scale bars are 50 nm. (E) Measures of AuNR hydrodynamic 
radius at 0, 2 and 10 nM dsDNA by DLS. The radius distributions have been offset vertically for clarity. 
 
 
5.3.2 Mechanism behind the inverse sensitivity 
 
To gain a more complete understanding of the mechanism involved in the 
concentration-dependent interaction of the dsDNA with the AuNRs, the nanoparticle 
zeta potential was measured after the addition of different amounts of dsDNA. Fig. 5.4 
shows an initial decrease in the AuNR zeta potential with the increase in the dsDNA 
concentration. The rapid decrease can be attributed to the screening of the CTAB 
 
Fig. 5.4. Comparison between the effect of dsDNA concentration on the AuNR zeta potential (red) and the A510/A890 
(blue). The region of concentrations with higher AuNR aggregation is highlighted in pale blue. 
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positive charges by the dsDNA phosphate groups. Once the AuNR net charge has 
been neutralized, further additions of dsDNA induce a charge reversal and a slow 
negative increase of the nanoparticle electric potential. Zeta potential is one of the key 
parameters defining the repulsive forces among nanoparticles and colloidal stability.330 
Therefore, its fast neutralization and subsequent negative increase resulted in the 
AuNR initial aggregation and the later disaggregation. This result is consistent with the 
zeta potential and the A510/A890 profiles, which show the range of dsDNA 
concentrations with zeta potential closer to zero is the range with higher aggregation. 
To complement the concentration dependent charge density observations from the 
zeta potential experiments, we designed an experiment to study the relative positions 
between AuNRs and dsDNA. In this experiment, the dsDNA molecules were saturated 
by TO, i.e. an intercalation dye that increases its fluorescence quantum yield 18900-
fold upon binding to DNA,331 at molar ratio of 1:40 (Fig. 5.5). The fluorescence of the 
resulting dsDNA-TO40 can be quenched by AuNRs when they are in close proximity 
through nanoparticle surface energy transfer mechanism.332 Therefore, measuring the 
fluorescent emission of the dsDNA-TO40 can provide information about their relative 
position to the AuNR surface. Fig. 5.6A shows the emission of dsDNA-TO40 solutions 
(0-50 nM), same concentration range as used in the nanorod aggregation study, in the 
absence and presence of AuNRs (OD890 = 0.48). In the absence of AuNRs, the 
fluorescence intensity at 535 nm (maximum emission wavelength) is linearly 
proportional to the concentration of the dsDNA-TO40 complex as expected (Fig. 5.6B). 
However, if the measured solution contains AuNRs, the fluorescence is almost totally 
quenched. Fig. 5.6C compares the fluorescence emission of dsDNA-TO40 in the 
presence of AuNRs and the AuNR aggregation profile measured with DNA without the 
intercalation dye. In the range of concentrations from 0 to 20 nM, where the rods are 
 
 
Fig. 5.5. Excitation and emission spectra of dsDNA-TO40 (5 nM). Excitation wavelength: 450 nM. Emission wavelength: 
600 nm. 
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initially aggregated and later start disaggregating, all the fluorescence is quenched. 
The fluorescence intensity begins increasing after most part of the AuNRs have been 
disaggregated, e.g. dsDNA-TO40 concentrations higher than 20 nM.  
 
Fig. 5.6. (A) Fluorescence emission of dsDNA-TO40 solutions in the absence and presence of AuNRs (OD890 = 0.48), 
respectively. (B) Emission intensities of different dsDNA-TO40 solutions at emission wavelength of 535 nm in the 
absence (orange) and presence (purple) of AuNRs. (C) Comparison between the fluorescence emission of dsDNA-
TO40 in the presence of AuNR and their aggregation profile. All measures were done with an excitation wavelength of 
490 nm. 
 
Based on the collective observations, we propose a mechanism for the DNA 
concentration-dependent AuNR aggregation and re-dispersion. Initially, the dsDNA 
molecules are adsorbed on the AuNR surface by electrostatic interactions, leading to 
total dsDNA-TO40 fluorescence quenching. At the lower DNA concentration regime 
(<2.5 nM), the electrostatic interactions between the dsDNA molecules and the AuNRs 
drive the initial aggregation, due to the decrease on the nanoparticle positive charge, 
and this process continue until the AuNRs have zero net charge. When DNA 
concentration increases further, more nucleic acids continue to adsorb on the AuNR 
surface, as evidenced by the nearly total quenching of the dsDNA-TO40 emission up to 
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~20 nM, as well as the pickup of the nanoparticle negative charge. The slow negative 
charge increase is accountable for the disaggregation process at higher DNA 
concentration regime (>2.5 nM). At concentrations above 20 nM, we hypothesize that 
the AuNRs are mostly covered and the excess dsDNA chains have little access to the 
CTAB gold surface and thus the fluorescence emission starts to pick up. Those free-
DNA molecules have little to non-effect on the nanoparticle disaggregation, based on 
the small A510/A890 changes observed at concentrations higher than 20 nM. This unique 
DNA concentration dependent tuning of AuNR surface charge is the key of the inverse 
sensitivity. 
 
5.3.3 Tuning the dynamic range 
 
One major issue for detecting cfDNA and other nuclear acids in clinical samples is that 
the concentrations vary widely in those samples. To take full advantage of the inverse 
sensitivity method described here, it is important to tune the dynamic ranges of the 
detection so that the highest inverse sensitive area matches the cfDNA concentration 
in the samples. Toward this goal, we have changed the AuNR concentration in solution 
in order to adjust the dynamic range of the sensor and its section with higher SNR to 
different common ranges previously published in the literature.  
 
Fig. 5.7. Effect of the dsDNA concentration on the A510/A890 of five AuNR solutions. AuNR OD890 of 0.05 (turquoise), 
0.08 (purple), 0.22 (green), 0.48 (red) and 0.92 (blue). 
 
Fig. 5.7 depicts the aggregation profile of AuNR solutions at five different 
concentrations, i.e. OD890 of 0.92, 0.48, 0.22, 0.08 and 0.05. The LOD was found to 
increase with the AuNR concentration, e.g. 10 nM for the most concentrated solution, 
relative to 0.2 nM for the most diluted one. The AuNR concentration also affects the 
dynamic range, increasing it and shifting it, e.g. from 0.2 to 2 nM and 10 to 100 nM for 
the AuNR solutions with OD890 of 0.05 and 0.92, respectively. The combination of the 
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five AuNR solutions yields a sensor that is sensitive enough to monitor the cfDNA 
levels associated with a wide range of cancer types (Table 5.2).  
When the AuNR solution is added into the sample, the DNA concentration is diluted. 
Thus, the concentration values have to be corrected depending on the AuNR solution 
(75 µl) and the initial the sample volume. In Table 5.2 we present the results for an 
original sample volume of 25 µl. 
  
Chapter 5 
 
 110 
Table 5.2. Dynamic ranges of different AuNR solutions and their equivalence for an original 25 µL sample. The dynamic 
ranges from an original 25 µL sample are compared with several reference values from cancer patients. 
 
 
Concentrations range 
in the sensor solution 
Concentrations range 
in 25 µl Sample 
Reference Cancer Patient Values 
[AuNR] 
(OD) 
Min 
[dsDNA] 
ng/ml 
(nM) 
Max 
[dsDNA]  
ng/ml (nM) 
Min 
[dsDNA] 
ng/ml 
Max 
[dsDNA] 
ng/ml 
Cancer Type 
Value 
ng/ml 
Sample 
0.93 
1111.3 
(10) 
11112.6 
(100) 
4445.1 44450.6 - - - 
0.48 
277.8 
(2.5) 
5556.3 (50) 1111.3 22225.3 
Colorectal (stage I – II)
333 
1630 ± 430
 
Serum 
Colorectal (stage III – 
IV)
333 
1730 ± 450
 
Serum 
0.22 111.1 (1) 555.6 (5) 444.5 2222.5 
Melanoma 
(Metastasis)
334 
1056
*
 (411 – 
2021)
 
Serum 
Colorectal
335 
868
*
 (22 – 
3922)
 
Serum 
Lymphoma
336 
899
*
 (171 – 
2660)
 
Plasma 
Brest (stage III)
337 
589 ± 87 Serum 
Brest (stage IV)
337 
776 ± 271 Serum 
0.08 55.6 (0.5) 222.3 (2) 222.3 889 
Stomach
336 
593
*
 (232 – 
1111)
 
Plasma 
Lung
338 
318
** 
Plasma 
Gastrointestinal
339 
412 ± 63 Serum 
0.05 22.2 (0.2) 222.3 (2) 88.9 889 
Gastrointestinal 
(Benign)
339 
118 ± 14 Serum 
Melanoma 
(Metastasis)
334 
259
*
 (83 – 
604)
 
Plasma 
Mix
340 
180 ± 38 Serum 
*
 Median 
**
 Standard deviations or ranges are not provided. 
 
  
  
Nanosensor with Inverse Sensitivity for cfDNA Quantification 
 
 111 
5.4 Conclusions 
 
In summary, we have developed a plasmonic nanosensor with inverse sensitivity, 
exploiting the unique DNA concentration-dependent AuNR aggregation/re-dispersion 
profile for cfDNA detection. A mechanism based on the change of the AuNR electric 
potential by the adsorption of dsDNA molecules at two regimes of lower and higher 
concentrations has been proposed to account for the inverse response of the sensor. 
The LOD and the dynamic range of this method can be adjusted by controlling the 
AuNR concentration in solution, allowing tunable sensor response curve and covering 
a wide range of cfDNA concentrations linked to cancer diagnosis and prognosis. The 
lowest LOD reached by this method is 0.2 nM with an overall dynamic range of 0.2 to 
100 nM. Notably, this is the second report of inverse sensitivity, relative to a previous 
one involving enzymatic reaction. The assay is conceptually simple, fast, easy-to-use 
and compatible with cfDNA extraction medium. This study further reinforces the 
breakthrough strategy of enhancing the reliability of low concentration detection, by 
literally introducing high SNR, which is often failed in the normal sensitivity sensing and 
signal amplification strategies.  
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Chapter 6 
 
 
Plasmonic Multi-logic Gate Platform Based on 
Sequence-specific Binding of Transcription Factors 
and Gold Nanorods 
 
 
A hybrid system made of gold nanorods (AuNRs) and double-stranded DNA (dsDNA) 
is used to build a versatile multi-logic gate platform, capable of performing six different 
logic operations. The sequence-specific binding of transcription factors to the DNA 
drives the optical response of the design. 
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6.1 Introduction  
 
One of the most promising applications of nanotechnology is building molecular-scale 
logic gates, capable of performing logic operations on external inputs.341,342 Those new 
logic gates are candidates for the new computing revolution and miniaturize 
information technology at nanoscale.343 To date, most molecular logic gate designs are 
based on fluorescence signals344–346 and chemically demanding modifications of 
nanomaterials347 and/or biomolecules,346,348–350 which increase design complexity and 
resource investment. Recently, gold nanoparticles (AuNPs) have been used as 
building blocks for colorimetric logic gates180,351–354 due to their high extinction 
coefficients and interparticle-distance dependent optical properties,112 which can be 
easily monitored by UV-visible spectroscopy.  
Even though the existing AuNP-based logic gate designs present promising results, 
they have several drawbacks, such as complex surface modifications,351,352 multiple 
separation and purification steps,352 lack of versatility to build several logic gates180,353 
and/or use of strong toxic ligands.180,353,354 Nowadays, great efforts are made in 
bioinspired materials research to mimic nature’s high dynamic control over the 
nanomaterial assembly, with excellent spatial and temporal resolution upon a biological 
input.355 Following this strategy, several logic gate designs have recently been 
published, exploiting biochemical events, such as antibody recognition,350 DNA 
hybridization,349,356 DNA assembly,357 catalytic reactions by DNAzymes358 or peptides 
interactions.359   
The logic system that we present in this chapter is able to go a step further. To the best 
of our knowledge, this is the first design to mimic the gene regulation performed by 
transcription factors as a biochemical event for the logic response. Furthermore, this 
design overcomes the lack of versatility of most designs and can perform six different 
logic gates, while no complex surface modification is required. Multi-logic gate 
platforms capable of performing six logic operations are very rare and just few have 
been published.357,359The mechanism of this multi-logic gate platform relies on the 
binding of estrogen receptors (ERs) to dsDNA adsorbed on gold nanorods (Fig. 6.1). 
ERs are a group of transcription factors activated by estrogen360 (i.e. steroid hormone 
that regulates several functions including the development of reproductive system and 
maintenance of bone structure). ER’s action involves binding to specific DNA 
sequences, called estrogen receptor elements (EREs), that triggers the estrogen 
biological response.361 The dsDNA used in this work is 35 base-pair long and contains 
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the ERE consensus sequence (GGTCAnnnTGACC, where n are spacer nucleotides), 
which provides binding specificity for ERs (i.e. ER and ER).  
              
 
Fig. 6.1. Schematic illustration of one of the logic gates, i.e. OR, performed by the multi-logic gate design. OR logic gate 
is built by combining dsDNA-AuNRs and ERs, exploiting sequence-specific interactions between ERs and dsDNA. 
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6.2 Experimental section  
 
6.2.1 Materials 
 
In the following products were used as received. Hydrogen tetrachloroaurate trihydrate 
(HAuCl4·3H2O), silver nitrate (AgNO3, 0.1 N), hydrogen chloride (HCl, 37% wt in water), 
L-ascorbic acid, sodium borohydride (NaBH4, 98%), lysozyme from chicken egg white 
(90 %) and the oligos containing the wild-type ERE consensus sequence (wtERE, 5’-
AGTAAGCTCCAGGTCATTATGACCTGGAGCTTACT-3’) were purchased from 
Sigma-Aldrich. Hexadecyltrimethylammonium bromide (CTAB, >98%) was purchased 
from Tokyo Chemical Industry. Human recombinant estrogen receptor α and  (ERα 
and ER) were purchased from Life Technologies, Thermofisher Scientific. To form 
dsDNA, the sense and antisense strands were annealed at 95 ºC for 5 min and cooled 
down for 3 h in 10 mM Tris-HCl buffer (pH 7.0). All the water employed in the 
experiments was obtained with a Mili-Q Integral 5 system.  
 
6.2.2 Characterization 
 
Transmission electron microscopy (TEM) images were acquired with a FEI Titan TEM 
operating at 200 kV. The optical extinction spectra were recorded using a Spectramax 
M2/M2e UV/Vis/NIR spectrophotometer. The dynamic light scattering (DLS) and zeta 
potential measurements were recorded with a Zetasizer Nano Z from Malvern 
Instruments. pH was measured with an 827 pH lab from Metrohm. 
 
6.2.3 Synthesis of AuNRs 
 
The AuNRs were synthesized via seed-mediated method. Briefly, Au seeds were 
obtained by adding at once 0.6 mL ice-cold NaBH4 (10mM) into a 10 mL solution of 
CTAB (0.1 M) and HAuCl4 (0.25 mM) while vigorously stirred. The solution was stirred 
for 30 s and left undisturbed for 60 min.  
AuNRs were synthesized by adding 250 L of AgNO3 (4 mM) into 5.0 mL solution of 
CTAB (0.1 M).  The solution was kept undisturbed for 15 min, after which 5 mL of 
HAuCl4 (1 mM) and 12 L of HCl (37%) were added. After slow stirring, ascorbic acid 
(75 L, 79 mM) was introduced. The mixture was vigorously stirred for 30 s and 60 L 
of the seed solution were added.  Finally, the growth solution was vigorously stirred for 
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30 s and left undisturbed for 12 h. The AuNRs were isolated by centrifugation twice at 
8500 rpm for 15 min followed by removal of the supernatant.  
 
6.2.4 Determination of metallic Au concentration 
 
The concentration of metallic Au (Au0) in solution was determined by the Edgar et al. 
method.362 Briefly, a calibration curve at 400 nm was built by well-aging different CTAB 
stabilized AuNP solutions of known Au0 concentration for a month. This ensured that 
the reduction of gold salts was fully reached and no size effect would interfere with the 
measures. Metallic gold presents inter-band transitions in the range from 350 to 450 
nm.363,364 Therefore, the absorbance within this range is relatively independent from the 
shape and it has been widely used in the past to quantify metallic gold.217,232,362 A 
comparison between the results of this method and ICP-MS was performed by Edgar 
et al.,362 presenting discrepancies below 20%. 
 
6.2.5 AuNRs aggregation by dsDNA 
 
dsDNA solutions with different concentrations were prepared in 10 mM Tris-HCL buffer 
(pH 7.0). 1 L of those solutions was added into a solution made of 25 L of AuNR 
(final Au0 concentration of 257 M) and 74 L of DI water. The final dsDNA 
concentration in solution ranged from 0 to 100 nM. The mixtures were incubated at 
room temperature for 10 min and the UV-Visible spectra were registered. 
 
6.2.6 Protein-dsDNA binding assays 
 
Binding assay at low concentration regime. The binding assay was performed by 
incubating 25 L of AuNRs (final Au0 concentration of 257 M) with 1 L of dsDNA 
(final concentration 10 nM) in 70 L of DI water at room temperature for 10 min. The 
resulting solutions were mixed with 4 L of different diluted solutions of ERα, ER or 
lysozyme in 12.5 mM Tris-HCl buffer (pH 8.0, 9.0 and 8.0 respectively). The final 
protein concentrations ranged from 0 to 35 nM for ERα and lysozyme and from 0 to 70 
nM for ER. The mixtures were incubated for another 40 min at room temperature 
before their characterization. 
Binding assay at high concentration regime. The binding assay was performed by 
incubating 25 L of AuNRs (final Au0 concentration of 257 M) with 1 L of dsDNA 
(final concentration 75 nM) in 67.5 L of DI water at room temperature for 10 min. The 
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resulting solutions were mixed with 6.5 L of different concentrated solutions of ERα or 
lysozyme in 50 mM Tris-HCl buffer (pH 8.0). The final concentrations of proteins 
ranged from 0 to 262.5 nM. The mixtures were incubated for another 40 min at room 
temperature before their characterization. 
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6.3 Results and discussion 
 
6.3.1 Combination of AuNRs and dsDNA 
 
AuNRs with an aspect ratio of 4.1 were synthesized by seed-mediated method (Fig. 
6.2).59 Hexadecyltrimethylammonium bromide was used as surfactant, which provides 
positive charges to the surface of nanorods. We recently proved that when positively 
charged AuNRs are mixed with negatively charge dsDNA, the nucleic acid molecules 
are adsorbed on the nanoparticle surface (dsDNA-AuNR), changing the electric 
potential of the particles.201 The variation of the surface charge of the rods triggers the 
nanoparticle aggregation at lower dsDNA concentrations and disaggregation at higher 
concentrations. 
 
Fig. 6.2. TEM image of AuNRs used in the protein-DNA binding assays. AuNR dimensions are 42.6 (±10.0)  10.4 
(±1.2) nm with aspect ratio of 4.1 (±0.8).   
 
Fig. 6.3A presents the red shift of the AuNR longitudinal localised surface plasmon 
resonance (L-LSPR) band by the addition of dsDNA from 0 to 20 nM (Au0 
concentration of 257 M). Interestingly, further increase of dsDNA, i.e. from 20 to 100 
nM, blue shifts back the L-LSPR band (Fig. 6.3B). In a plot of the absorbance ratio at 
the two plasmon band maxima wavelengths (A510/A885) versus dsDNA concentration 
(Fig. 6.3C), the lower (blue) and the higher (red) concentration regimes are clearly 
observed. Dynamic light scattering characterization (DLS, Fig. 6.4) confirmed the initial 
rod aggregation and later disaggregation, which are account for the increase and 
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decrease of A510/A885 values in Fig. 6.3C, respectively. DLS shows the increase of the 
rod hydrodynamic diameter from 55 nm up to 3803 nm after the addition of 20 nM 
dsDNA. The initial dispersity, measured by the initial particle size, is almost fully 
recovered at 100 nM dsDNA, where the hydrodynamic diameter decreases to 64 nm. 
The change of the AuNR’s surface charge as driving force behind the two-
concentration regime behaviour201 is further verified by a zeta potential analysis (Fig. 
6.4). AuNRs are initially positively charged (30.4 mV). The addition of dsDNA starts 
neutralizing the surface charge by electrostatic screening, decreasing the electrostatic 
repulsion among the particles. This induces the nanorod aggregation, which reaches 
its maximum when the surface charge is neutralized at around 20 nM dsDNA. Further 
additions of dsDNA induce a charge reversal and increase of the negative charge, 
which restores part of the electrostatic repulsion among the particles and disassembles 
them, reaching a zeta potential of -22.6 mV at 100 nM dsDNA.  
 
Fig. 6.3. Characterization of AuNRs mixed with different amounts of dsDNA. (A) UV-Vis spectra of the AuNRs in the 
presence of 0, 5, 10 and 20 nM DNA. (B) UV-Vis spectra in the presence of 30, 40, 50, 75 and 100 nM DNA. (C) 
Absorbance intensity ratio at 510 and 885 nm as function of DNA concentration. The lower and higher concentration 
regimes are highlighted in blue and red, respectively. 10 nM at the lower concentration regime and 75 nM at the higher 
concentration regime are indicated because these two concentrations are used in the protein-DNA binding 
characterization experiments. 
 
Fig. 6.4. (Red) hydrodynamic diameter (DH) measured by DLS and (blue) zeta potential of AuNRs as a function of 
dsDNA concentration. The area with higher AuNR aggregation is highlighted in pale-orange. 
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6.3.2 Characterization of protein-dsDNA binding 
 
Due to the different electrokinetic behaviour of dsDNA-AuNR at lower and higher 
dsDNA concentration regimes, the binding of ERs to dsDNA-AuNR was studied at two 
DNA concentrations of 10 nM (lower concentration regime) and 75 nM (higher 
concentration regime). Two human ER subtypes (i.e. ER and ER) were used to 
prove the effect of protein-DNA interactions on the aggregation of AuNRs. ER and 
ER have an isoelectric point (pI) of 8.3 and 8.8, respectively,365 and they are sold and 
stored in Tris 50 mM buffer (pH 8 and 9, respectively). When Tris 50 mM (pH 8) without 
ERs is added to the dsDNA-AuNR solutions, the nanoparticles slightly aggregate over 
time (Fig. 6.5). After an incubation of 40 min, the absorbance ratios are mostly stable, 
indicating that no further aggregation significantly occurs due to the buffer. Thus, 
incubation times of 40 min are chosen for all protein-binding experiments to equalize 
the buffer effects. Fig. 6.6A and 6B present increasing A510/A885 (increased 
aggregation) upon ER binding at 10 and 75 nM dsDNA, respectively. Both figures 
show that the transcription factor binds to the ERE-containing dsDNA with a 
stoichiometry of 2 to 1, i.e. A510/A885 reaches saturation at 2:1 of ER:dsDNA 
concentration ratio. This is in agreement with previously published literature that 
reports ER binding to ERE as a dimer.156 We hypothesize that the aggregation is 
driven by the interprotein interactions. At pH close to the protein’s pI (solutions pH ~ 
8.0), the van der Waals and dipole-dipole attractive forces dominate over the charge-
charge electrostatic repulsion forces (i.e. the protein’s charge is almost neutralised at 
pH near their pI).366 Therefore, proteins tend to aggregate at those pH, driving the 
aggregation of the nanoparticles bound to them.  
 
Fig. 6.5. Variation of dsDNA-AuNR absorbance ratio intensities at 510 and 885 nm after addition of Tris buffer over 
time. The volumes of Tris added into the system are the same as the ones added in the protein-dsDNA binding assays, 
i.e. 4 L of 12.5 mM Tris and 6.5 L of 50 mM Tris at 10 and 75 nM dsDNA, respectively. 
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Fig. 6.6. AuNR absorbance intensity ratio at 510 and 885 nm as function of ER concentration at (A) 10 and (B) 75 nM 
dsDNA. 
 
Even though the DNA-binding domains of ER and ER are highly conserved (96  
identity),367 their binding behaviour to ERE presents a significant difference. Fig. 6.7 
plots the binding curve of ER to ERE-containing dsDNA on AuNRs at pH 8.5, using 
the A510/A885 ratio as the binding signal. The transcription factor induces the 
aggregation of dsDNA-AuNR as previously observed for ER, i.e. increasing the 
A510/A885 ratio. Nevertheless the stoichiometry between ER and ERE is approximately 
4 to 1. This observation is in agreement with previous reports, which studied the ER-
ERE binding by surface plasmon resonance spectroscopy.368  
 
Fig. 6.7. AuNR absorbance ratio intensities at 510 and 885 nm as function of ER concentration at 10 nM dsDNA. 
 
In a control experiment, the interaction between ERE-containing dsDNA and a control 
protein without a binding site for the ERE was studied. Lysozyme is a basic monomeric 
protein with pI of 11.2369 and it is positively charged at the pH ~ 8.0 of this study. Fig. 
6.8 plots the lysozyme-induced dsDNA-AuNR aggregation profile at 10 nM and 75 nM 
dsDNA, as done for ER experiments. The dsDNA-AuNRs are positively charged at 10 
nM dsDNA and the addition of lysozyme barely aggregate the nanoparticles within a 
protein concentration range of 0 to 50 nM. We hypothesize that dsDNA-AuNR and 
lysozyme electrostatically repel each other because of their positive charges. On the 
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other hand, dsDNA-AuNRs are negatively charged at 75 nM dsDNA and the positively 
charged lysozyme can aggregate them. This is because the negatively charged 
dsDNA-AuNRs and the positive lysozyme are electrostatically attracted to each other. 
The difference between sequence-specific and non-sequence-specific binding can be 
observed by comparing the aggregation profiles induced by ER and lysozyme:  under 
the experiment conditions, the sequence-specific interaction with ER triggers the 
aggregation of the nanoparticles in both dsDNA concentration regimes and it is 
independent of the nanoparticle’s surface charge; on the other hand, the non-sequence 
specific interaction with lysozyme requires strong electrostatic forces between AuNRs 
and proteins to induce the nanoparticle’s aggregation and it only occurs when AuNRs 
and proteins present opposite charges.  
 
Fig. 6.8. AuNR absorbance ratio intensities at 510 and 885 nm as function of Lysozyme concentration in the presence 
of dsDNA of (blue) 10 nM and (red) 75 nM. 
 
 
6.3.3 Building a multi-logic gate platform 
 
At this point, we have proved that AuNR’s aggregation profiles can be used to sense 
protein-dsDNA interactions. We then further explored the combination of proteins, 
ERE-containing dsDNA and AuNRs to build a platform capable of performing logic 
operations at nanoscale. 
We built logic gates by adding proteins or dsDNA (logic inputs) into a base solution 
consisting of AuNR (Au0 concentration of 257 M) and dsDNA of 10 nM (leading to 
dispersed AuNRs) or 25 nM (leading to aggregated AuNRs). The logic values of the 
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inputs are 0 and 1, which are defined as the absence and the presence of the input in 
solution, respectively. The outputs are read by measuring the variation of A510/A880 
ratio, where the logic 0 and 1 values are experimentally established as 0.65 and 0.75, 
respectively. The amount of input added into the solutions was experimentally 
optimized, so that the output signals are coherent in all the logic gates. First, the logic 
gate OR was built (Fig. 6.9A). The base solution contains AuNRs and dsDNA (10 nM), 
and the two inputs are ER (20 nM) and ER (30 nM). Both inputs induce similar level 
of aggregation when separately added (0/1 and 1/0). Interestingly, when both ERs are 
added at the same time (1/1), a similar level of aggregation is obtained, rather than a 
higher one. This is most likely because of the amount of ERE-containing dsDNA is the 
limiting factor. Thus, the excess of ERs does not bind to the dsDNA and it is left in 
solution without interacting with the nanoparticles. Next, the NOT gate was designed 
(Fig. 6.9B). It is a 1-input 1-output gate that performs logic negation. The base solution 
contains AuNRs and 25 nM dsDNA, which aggregates the nanoparticles (0/0). When 
more dsDNA (additional 15 nM) is added as an input in a second step, the 
nanoparticles disaggregate (1/1). OR and NOT are basic operations and all the rest 
can be obtained through them. It is worth mentioning that derivative operation gates 
can be built with this design without the need of combining different basic operations. 
First, A IMPLY B gate was developed by using a base solution with AuNRs and 25 nM 
dsDNA (Fig. 6.9C). The two inputs are dsDNA (additional 15 nM) and ER (30 nM). In 
the initial state (0/0), the nanoparticles are aggregated. When more dsDNA is added 
(1/0), the new dsDNA triggers the AuNR disassembly. The single addition of ER (0/1) 
does not change the aggregation state of the nanoparticles because they are already 
aggregated. The addition of both inputs (1/1) results in AuNR aggregation, since 
dsDNA’s disassemble capacity is neutralized by ER aggregating behaviour. Next, the 
BUFFER logic gate was demonstrated. A base solution made of AuNRs and 10 nM 
dsDNA, and one input (20 nM ER) are required (Fig. 6.9D). The mechanism of this 
gate is based on the further aggregation of dsDNA-AuNR induced by ER (1). TRUE 
logic gate could also be obtained. This was constructed by using a base solution of 
AuNRs and 25 nM dsDNA (Fig. 6.9E). The two inputs are ER (20 nM) and ER (30 
nM). Since the nanoparticles are already aggregated in the initial state (0/0), the 
addition of ERs does not significantly change the aggregation state of the system. 
Lastly, the FALSE gate was built (Fig. 6.9F). The base solution contains AuNRs and 10 
nM dsDNA, and the inputs are lysozyme (20 nM) and dsDNA (additional 27 nM). In the 
initial state, the AuNRs are dispersed (0/0). Lysozyme does not interact with ERE-
containing dsDNA, and its addition (1/0) does not affect the aggregation state. The 
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addition of extra 27 nM dsDNA keeps the nanoparticles disaggregated (0/1 and 1/1). 
Based on the previous zeta potential results, we hypothesize that the amount of 
dsDNA in solution is enough to induce a nanoparticle charge reversal and provide 
enough electrostatic repulsion to disaggregate the AuNRs. It is worth mentioning that 
even though this is a multi-component system, the sequence-specific binding is 
essential for building four of the six logic gates (i.e. OR, A IMPLY B, BUFFER and 
TRUE). Limited number of logic operations (i.e. NOT and FALSE) can be performed by 
using only dsDNA and/or non-specific binding protein as inputs.  
 
Fig. 6.9. AuNR absorbance ratio intensities at 510 and 885 nm as function of different inputs in (A) OR, (B) NOT, (C) A 
IMPLY B, (D) BUFFER, (E) TRUE, and (F) FALSE logic gates. 
 
Finally, the results from the logic gate experiments were statistically assessed, 
rendering two conclusions: 1) All the A510/A885 outputs were successfully labelled as 
logic 0 or 1 values, since they were not statistically different from one of the two 
reference values, i.e. 0.65 and 0.75, respectively (p > 0.05, Table S6.1); 2) the values 
for logic 0 are statistically different and clearly distinguishable from the values for logic 
1 (p < 0.05, Table S6.2; Cohen’s d > 3.5, Table S6.3).  
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6.4 Conclusions 
 
In summary, we have developed a plasmonic hybrid system made of AuNR and ERE-
containing dsDNA capable of tracking the binding of ERs (i.e. ER and ER) to their 
response element. The system is sensitive enough to distinguish between protein 
isomorphs. The mechanism is based on the interprotein interactions among ERs, 
which are bound to dsDNA on the surface of AuNRs under sequence recognition, and 
trigger the nanoparticle’s aggregation. The combination of proteins, ERE-containing 
dsDNA, AuNRs and the interactions among them allow expanding the system to a 
plasmonic logic gate platform, becoming the first system that performs logic operations 
by mimicking transcription factor’s gene regulation.  This versatile system is able to 
perform 6 different logic operations (i.e. OR, NOT, A IMPLY B, BUFFER, TRUE and 
FALSE) by changing the design set-up. This overcomes one of the main limitations of 
traditional nanoscale logic gates, which are just able to perform few logic operations 
with the same platform. Furthermore, this system is conceptually simple, easy-to-use 
and does not require complex surface modifications, toxic ligands or 
separation/purification steps. Lastly, those new insights on the spatial and temporal 
control over nanomaterial assembly by transcription factors can be the first steps for 
other nanoscale technologies, such as transcription factor-mediated smart drug 
release. 
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6.5 Annex 
 
Table S6.1. p-values obtained by one-sample Student’s t-test, to study if the differences between the A510/A885 ratios 
from the logic gate experiments and the reference values are statistical significant. 
Logic Gate Input A510/A885 St Dev 
Reference 
value 
p 
OR (0/0) 0.651 0.026 0.650 0.896 
 (1/0) 0.759 0.013 0.750 0.260 
 (0/1) 0.763 0.022 0.750 0.414 
 (1/1) 0.772 0.022 0.750 0.225 
NOT (0) 0.741 0.011 0.750 0.292 
 (1) 0.669 0.010 0.650 0.081 
A IMPLY B (0,0) 0.741 0.011 0.750 0.292 
 (1,0) 0.669 0.010 0.650 0.081 
 (0,1) 0.754 0.031 0.750 0.844 
 (1,1) 0.755 0.012 0.750 0.546 
BUFFER (0) 0.651 0.026 0.650 0.896 
 (1) 0.759 0.013 0.750 0.260 
TRUE (0,0) 0.741 0.011 0.750 0.292 
 (1,0) 0.746 0.011 0.750 0.593 
 (0,1) 0.754 0.031 0.750 0.844 
 (1,1) 0.764 0.010 0.750 0.136 
FALSE (0,0) 0.651 0.026 0.650 0.896 
 (1,0) 0.654 0.006 0.650 0.368 
 (0,1) 0.655 0.013 0.650 0.574 
 (1,1) 0.665 0.017 0.650 0.083 
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Table S6.2. p-values obtained by Welch t-test (unequal variances t-test), to study if the differences between the 
A510/A885 ratios from the logic 0 and 1 values are statistical significant. 
Logic Gate Input 1 A510/A885 St Dev Input 2 A510/A885 St Dev p 
OR (0,0) 0.651 0.026 (1,0) 0.759 0.013 < 0.001 
 (0,0) 0.651 0.026 (0,1) 0.763 0.022 0.005 
 (0,0) 0.651 0.026 (1,1) 0.772 0.022 0.004 
NOT (0) 0.741 0.011 (1) 0.669 0.010 0.004 
A IMPLY B (0,0) 0.741 0.011 (1,0) 0.669 0.010 0.004 
 (0,1) 0.754 0.031 (1,0) 0.669 0.010 0.046 
 (1,1) 0.755 0.012 (1,0) 0.669 0.010 0.002 
BUFFER (0) 0.651 0.026 (1) 0.759 0.013 < 0.001 
 
 
Table S6.3. Cohen’s d-values calculated to study the standardised differences between the A510/A885 ratios from the 
logic 0 and 1 values. 
Logic Gate Input 1 A510/A885 St Dev Input 2 A510/A885 St Dev d 
OR (0,0) 0.651 0.026 (1,0) 0.759 0.013 4.53 
 (0,0) 0.651 0.026 (0,1) 0.763 0.022 4.41 
 (0,0) 0.651 0.026 (1,1) 0.772 0.022 4.76 
NOT (0) 0.741 0.011 (1) 0.669 0.010 6.85 
A IMPLY B (0,0) 0.741 0.011 (1,0) 0.669 0.010 6.85 
 (0,1) 0.754 0.031 (1,0) 0.669 0.010 3.69 
 (1,1) 0.755 0.012 (1,0) 0.669 0.010 7.79 
BUFFER (0) 0.651 0.026 (1) 0.759 0.013 4.53 
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Chapter 7 
 
 
Hybrid Bioassay Based on Graphene Oxide and 
Conjugated Polyelectrolytes for Studying Protein-DNA 
Interactions 
 
 
A new analytical bioassay to study protein-DNA binding is built by combining the 
optical properties of water soluble conjugated polyelectrolytes and the graphene oxide 
superquenching capabilities. The binding of protein to double stranded DNA induces 
electrostatic changes in the hybrid system that increases the conjugated polyelectrolyte 
fluorescence quenching. 
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7.1 Introduction  
 
Conjugated polyelectrolytes (CPEs) are polymers made of two different parts.370 First, 
a π-conjugated backbone that defines a set of optical properties, such as strong 
fluorescence, light-harvesting and high quantum yield. Second, ionic side-chains that 
provide strong electrostatic interactions and high solubility in water. Due to those 
properties, CPEs have been used as key components in many biosensing assays.370  
Early designs exploited the Förster resonance energy transfer (FRET) between a dye-
labelled PNA and CPEs to detect ssDNA.371,372 When the two oligos hybridized, the 
negative charge of the ssDNA brought the hybrid complex and the positive CPEs in 
close proximity, enhancing the FRET. Later works replaced the PNA for dye-labelled 
ssDNA molecules.373 
Since those early designs, similar CPE-based assays have been developed for the 
detection of other relevant medical targets, such as DNA with single-nucleotide 
polymorphisms,374 proteins,375 ATP376 and ions.377,378 
Graphene oxide (GO) is a one atom thick sheet of graphite with different oxygen-
containing functional groups (i.e. carboxyl, hydroxyl and epoxy groups) decorating both 
the basal plane and the edges.379 This results in a two-dimensional nanomaterial made 
of a mixture of sp2- and sp3- carbon atoms. GO can improve the performance of CPE-
based biosensors380 due to its long-range fluorescence superquenching,381 water 
solubility382 and special interaction with CPEs,383,384 such as the strong π−π stacking 
between CPE aromatic parts and graphene oxide hexagonal cells. Therefore, new 
assays based on both GO and CPEs have been developed for the detection of 
different clinically relevant analytes, such as DNA,380,385 miRNA,385 proteins386 and other 
biomolecules.387,388 
Transcription factors are proteins that up or down regulate gene transcription by 
binding to short sequences of DNA called response elements.389 Because they are key 
factors in many cellular processes, such as growth and cell development,390,391 intra 
and extracellular signalling,392,393 and cell cycle,394 several diseases have been linked 
to transcription factors malfunction (e.g. cancer,395–397 congenital heart disease,398 renal 
malfunction399 and chronic inflammation condition400,401). Therefore, the study of 
transcription factors binding to DNA has also become of clinical significance, since it 
can reveal gene transcription mechanisms that can lead to new therapies. 
Recently, a CPE-based hybrid sensor has been developed for characterizing the 
sequence-specific bindings of transcription factors.156,157 The system exploited the 
fluorescence quenching of CPEs by gold nanoparticles. The use of dual transducers 
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and the FRET principle improves the sensor performance in comparison to the 
colorimetric sensing using solely metal nanoparticles.402 A recent study has compared 
the performance of different nanomaterial quenchers (i.e. gold nanoparticles, carbon 
nanotubes and GO) in DNA sensing assays involving the fluorescence quenching of 
dye-labelled DNA. The report concludes that the GO-based assay presents a higher 
sensitivity and repeatability than the others due to GO higher quenching efficiency and 
kinetics.403  
In this work, we explore the collaborative role of CPEs and GO for studying the 
transcription factor-DNA binding. Two CPEs, which present same backbone but 
different overall charge (i.e. one positive and the other negative), are used in 
collaboration with GO to form a FRET sensor. Three oncogenic transcription factors, 
which jointly regulate estrogen gene transcription through cooperative binding to DNA, 
are used as case study, i.e. estrogen receptor  (ER), forkhead boxA1 (FoxA1) and 
activating enhancer binding protein 2 gamma (AP-2). ER is a transcription factor 
activated by estrogen,360 which regulates several biological functions, such as the 
development and maintenance of the reproductive system and bone structure. 
FoxA1and AP-2 act as pioneer factors in the estrogen signalling pathway,404,405 
affecting the protein-binding, chromatin looping and gene transcription performed by 
ER. The GO-CPE hybrid system that we have developed exploits the strong 
fluorescence and light-harvesting capabilities of CPE and the superquenching 
properties of GO, resulting on a sensitive, easy-to-use and fast biosensing technique 
for protein-DNA binding characterization. The detection of the protein-DNA binding is 
based on protein binding-modulated CPE quenching by GO in the presence of dsDNA. 
This assay strategy overcomes the main limitations of previous protein-DNA binding 
sensing designs: it does not require complex surface modifications156,157 or enzyme-
based signal generation,406 and it does not suffer from non-specific interaction 
interferences.402   
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7.2 Experimental section  
 
7.2.1 Materials 
 
The following products were used as received. Graphene oxide (2 mg/ml, dispersion in 
H2O), poly[(2,5-bis(2-(N,N-diethylammonium bromide)ethoxy)-1,4-phenylene)-alt-1,4-
phenylene] (Mn of 745 Da and Mw of 1054 Da), poly(2,5-bis(3-sulfonatopropoxy)-1,4-
phenylene, disodium salt-alt-1,4-phenylene) and bovine serum albumin (BSA) were 
purchased from Sigma-Aldrich. Human recombinant estrogen receptor α (ERα) was 
purchased from Life Technologies, Thermofisher Scientific. FoxA1 and AP-2 were 
prepared as HisMBP-tagged recombinant proteins as described in a previous 
publication.157 The oligos used in this study were purchased from Integrated DNA 
Technologies. Table 7.1 shows their sequences. The probe 1 is a DNA that contains 
binding sites for ERα and AP-2. The probe 2 is a FAM labelled DNA, which contains a 
binding site for ERα. To form dsDNA, the sense and antisense strands were annealed 
at 95 ºC for 5 min and cooled down for 3 h in 10 mM Tris-HCl buffer (pH 7.0). All the 
water employed in the experiments was obtained with a Mili-Q Integral 5 system.  
Table 7.1. Oligonucleotides sequences 
Name Sequence 5’ to 3’ 
Probe 1 GGGATGACACAGGTCACTGTGACCACCAGTGCCCCAGGCACCGGGACCT 
Probe 1-rev AGGTCCCGGTGCCTGGGGCACTGGTGGTCACAGTGACCTGTGTCATCCC 
Probe 2 ACTTTGATCAGGTCACTGTGACCTGACTTTGGAC 
Probe 2-rev  [6FAM]-GTCCAAAGTCAGGTCACAGTGACCTGATCAAAGT 
GGTCAnnnTGACC = ERα binding site 
GCCCCAGGC = AP-2 binding site 
 
7.2.2 Characterization 
 
The emission and excitation spectra were obtained by an InfiniteM200 from Tecan. The 
zeta potential measurements were recorded with a Zetasizer Nano Z from Malvern 
Instruments. pH was measured with an 827 pH lab from Metrohm. Fluorescence 
polarisation was measured with a Synergy 2 Multi-Mode Microplate Reader from 
BioTek with 485/20-excitation and 528/20-emission filters. 
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7.2.3 CPE fluorescence quenching by GO in the presence of dsDNA 
 
dsDNA (probe 1) solutions with different concentrations were prepared in 10 mM Tris-
HCL buffer (pH 7.0). 5 L of those solutions were added into 35 L CPE solutions (100 
g/L in 10 mM Tris-HCl pH 7.0) and the mixtures were incubated at room temperature 
for 10 min. 30 L of GO (200 g/mL in Tris-HCL pH 7.0) were then added into the 
dsDNA/CPE solutions and the resulting mixtures were left incubating at room 
temperature for 15 min. The final dsDNA concentration in the solutions ranged from 0 
to 1000 nM. Last, the fluorescence spectra of the resulting solutions were measured. 
 
7.2.4 Protein-DNA binding assay 
 
The assay procedure is similar to that of 7.2.3, except that prior to GO addition, protein 
is added to the dsDNA/CPE solutions. Specifically, the binding assays were performed 
by incubating 15.5 L solutions made of positively charged CPE (final concentration of 
50 g/L) and probe 1 (dsDNA final concentration of 100 nM) in 10 mM Tris-HCL pH 7.0 
at room temperature for 10 min. The resulting solutions were mixed with 24.5 L of 
different diluted protein solutions (ER, FoxA1 and AP-2 in 10 mM Tris-HCl buffer, pH 
7.0) and the mixtures were incubated for another 30 min at room temperature. Finally, 
30 L of GO (200 g/mL) were added and incubated for 15 min at room temperature. 
The final protein concentrations ranged from 0 to 350 nM. Finally, the fluorescence 
spectra of the resulting solutions were measured. 
 
7.2.5 Assay for fluorescence polarisation measurement 
 
The fluorescence polarisation assay was performed by incubating 15.5 L solutions 
made of positively charged CPE (final concentration of 0 or 50 g/L) and probe 2 (final 
dsDNA concentration of 40 nM) in 10 mM Tris-HCL pH 7.0 at room temperature for 10 
min. The resulting solutions were mixed with 54.5 L of different protein solutions (ER 
or BSA in 10 mM Tris-HCl buffer, pH 7.0) and the mixtures were incubated for another 
30 min at room temperature. The final protein concentrations were 100 nM for the 
protein-dsDNA binding assays and 0 nM for the controls. Lastly, the fluorescence 
polarisations of the resulting solutions were measured. 
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7.3 Results and discussion  
 
7.3.1 Fluorescence quenching and recovery between GO and CPE in the 
absence and presence of dsDNA 
 
Two CPEs were involved in this study. Both CPEs had the same backbone but 
different side chains, which provided different overall electrostatic charge. Poly[(2,5-
bis(2-(N,N-diethylammonium bromide)ethoxy)-1,4-phenylene)-alt-1,4-phenylene] was 
the positive CPE (CCPE, Fig. 7.1A) and poly(2,5-bis(3-sulfonatopropoxy)-1,4-
phenylene, disodium salt-alt-1,4-phenylene) the negative one (ACPE, Fig. 7.1B). Both 
CPEs present similar emission profiles (Fig. 7.1C and D), which is expected since they 
have the same backbone chain. When GO was mixed with the two CPE solutions, the 
CPEs’ emission was quenched. Interestingly, the degree of fluorescence quenching () 
was higher for ACPE than for CCPE (i.e.  of 77 and 69 %, respectively), although the 
ACPE and GO have alike charge that is unfavourable for electrostatic attraction. Those 
results are in agreement with previous studies, which reported that GO and CPEs 
interact through strong π−π stacking besides electrostatic interactions.383,384 The 
stronger ACPE fluorescence quenching, which indicates a stronger interaction between 
ACPE and GO, suggests that the π−π stacking interactions dominate over electrostatic 
interactions. 
              
 
Fig. 7.1. Chemical structures of (A) CCPE and (B) ACPE. Emission spectra of (C) CCPE and (ACPE) in the presence 
(red line) or absence (blue line) of GO. 
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DNA, as a negatively charged biopolymer, has been largely studied for its electrostatic 
interactions with other charged materials.407 In a previous study, we have employed the 
absorption of dsDNA on gold nanorods to change their overall charge and the way 
DNA coated gold nanorods interact with the other nanoparticles in solution.201 In this 
study, we first examine the effect of dsDNA on the interaction between CPEs and GO 
prior to the protein binding experiments. In a two-step procedure, CPEs were first 
incubated with dsDNA to favour their interaction. The probe 1, i.e. a dsDNA that 
contains binding sites for ER (estrogen receptor element, ERE) and AP-2, was used 
in these experiments. After 10 min, the hybrid dsDNA-CCPE complex was exposed to 
GO. Fig. 7.2A shows CCPE fluorescence recovery with increasing dsDNA (probe 1) 
concentration. The interaction between CCPE and dsDNA molecules is electrostatically 
favoured because their opposing charges. On the other hand, the ACPE fluorescence 
does not change upon addition of dsDNA (Fig. 7.2B). The lack of interaction between 
ACPE and dsDNA can also be understood from an electrostatic point-of-view, where 
both molecules are negatively charged and repeal each other. Fig. 7.2C plots the 
variation of fluorescence (F-F0/F0) as a function of dsDNA concentration for the CCPE 
and ACPE. CCPE spectrum presents a fluorescence recovery curve with hyperbolic 
shape, while ACPE fluorescence shows no variation within the experimental dsDNA 
concentration range. 
 
Fig. 7.2. Emission spectra of (A) CCPE and (B) ACPE in the presence of GO and different dsDNA concentrations (i.e. 
0, 1, 5, 10, 25, 50, 100, 250, 500 and 1000 nM). (C) Fluorescence variation of CCPE (max of 410 nm) and ACPE (max 
of 420 nm) in the presence of GO and different dsDNA concentrations. 
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The zeta potentials of GO and CCPE (before and after the addition of different 
amounts of dsDNA) were measured to further understand the mechanism involved in 
the fluorescence recovery of CCPE by the dsDNA. It is confirmed that, GO (85.7 
g/mL) and CCPE (50 g/L) in absence of dsDNA present opposite charges in 
solution, with zeta potential of -31.8 and +18.3 mV, respectively (Fig. 7.3). The addition 
of dsDNA into the CCPE solution turns the overall charge from positive down to -14.4 
mV at 100 nM dsDNA, where the molar amount of dsDNA is twice of the CCPE. These 
results suggest that dsDNA and CCPE form a hybrid complex due to electrostatic 
interaction, and the overall complex is negatively charged due to the phosphate 
backbone of the dsDNA. The consequent fluorescence recovery is probably the result 
of two factors. Firstly, dsDNA covers the polyelectrolyte structure on the dsDNA-CCPE 
complex and blocks the π−π stacking interactions between GO and CCPE. Secondly, 
the negatively charged dsDNA-CCPE complex introduces electrostatic repulsion 
between GO and CCPE.  Those two factors, i.e. lack of π−π stacking interaction and 
electrostatic repulsion, promote the separation between GO and CCPE, decreasing the 
fluorescence quenching observed in Fig. 7.2A. We can exclude the absorption of 
dsDNA on GO as a cause of the fluorescence recovery, because it is well reported that 
dsDNA has very limited affinity for GO.408  
 
Fig. 7.3. Zeta potential of GO and CCPE in the presence of different dsDNA concentrations (i.e. 0, 5, 10, 25, 50 and 
100 nM). 
 
 
7.3.2 Fluorescence quenching promoted by protein-DNA binding  
 
Following the earlier study of how negatively charged dsDNA can push away the 
CCPE from GO surface, a new analytical assay for protein-DNA binding has been 
designed. This exploits the ability of transcription factors to bring the CCPE closer to 
GO, due to the change of the electrostatic behaviour of the DNA.156,157 A human 
estrogen receptor subtype, ERα, was used as proof of concept. Fig. 7.4 depicts the 
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three steps of the proposed analytical assay: First, CCPE is incubated with probe 1 
(i.e. dsDNA that contains both ERα and AP-2 binding sites). A dsDNA concentration of 
100 nM is used in order to obtain a negatively charged dsDNA-CCPE hybrid with 50 
g/L CCPE (molar ratio of dsDNA:CCPE  2:1). Second, the dsDNA-CCPE hybrid is 
exposed to the ERα, allowing the transcription factor to bind to the dsDNA. Third, GO is 
added into the mixture and the fluorescence is measured after the incubation time. 
Since the final pH of the mixture is 7.68, ERα is positively charged in the assay solution 
(isoelectric point, pI of 8.3)365. Therefore, when ERα binds to its binding site in the 
dsDNA, it changes the overall negative charge of dsDNA-CCPE and decreases the 
electrostatic repulsion between dsDNA-CCPE and GO. This reduces their distance 
separation and enhances the fluorescence quenching. Two negative controls (i.e. 
FoxA1 and AP-2) were employed to confirm the role of the protein-DNA binding and 
the ERα positive charge in the fluorescence quenching enhancement. On one hand, 
FoxA1 is a transcription factor that presents similar electrostatic behaviour to ERα (pI 
of 8.9)409 but does not bind to the dsDNA employed in the assay (probe 1). On the 
other hand, AP-2 presents neutral charge in the assay solution (pI of 7.7)410 but it can 
bind to probe 1 because the DNA molecule contains a binding site for this protein. 
 
Fig. 7.4. Three step analytical assay based on CCPE and GO for protein-DNA interaction characterization. 
 
Fig. 7.5A depicts the fluorescence emission of the hybrid dsDNA-CCPE in the 
presence of GO and different amounts of ERα. The fluorescence emission of dsDNA-
CCPE decreases with the addition of ERα in a concentration range from 0 to 200 nM. 
Above those ERα concentrations, the fluorescence does not significantly change. On 
the other hand, the additions of FoxA1 (Fig. 7.5B) or AP-2 (Fig. 7.5C) into the mixture 
induce no fluorescence decreases, but very moderate increases. Fig. 7.5D presents 
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the fluorescence intensity variation (F-F0/F0) as a function of transcription factor 
concentration. As previously observed in the fluorescence spectrum, the binding of 
ERα to dsDNA decreases the fluorescence intensity. ERα binds to the ERE-containing 
dsDNA with a stoichiometry of 2 to 1, i.e. (F-F0/F0) reaches saturation at 2:1 of 
ERα:dsDNA concentration ratio. This is in agreement with previously published 
literature, which reported ER binding to ERE as a dimer.156 An apparent dissociation 
constant (Kd) of 58.8  4.5 nM was calculated with the binding isotherm generated from 
the Fig. 7.5D data. That value is coherent with previous literature results obtained by 
surface plasmon resonance spectroscopy (Kd of 61.9 nM).
411 As mentioned earlier, the 
two negative controls, i.e. FoxA1 and AP-2, do not induce fluorescence quenching but 
small fluorescence increases, which are linear with their concentration. These 
fluorescence increases could be the result of different factors, such as FoxA1 non-
specific interaction with GO412 and AP-2 shielding the dsDNA-CCPE hybrid when 
binding to dsDNA, due to its neutral charge.  
The negative controls confirm that both protein-DNA binding and protein positive 
charge are necessary for bringing CCPE and GO in close proximity and the 
 
Fig. 7.5. Emission spectra of CCPE in the presence of GO, dsDNA and different protein concentrations (i.e. 0, 50, 100, 
150, 200, 250, 300 and 350 nM).  The three proteins added into the assay solution are (A) ERα, (B) FoxA1 and (C) AP-
2. (D) Fluorescence variation of CCPE (max of 410 nm) in the presence of GO, dsDNA and different protein 
concentrations. 
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fluorescence being quenched. The presence of only one of the two factors is not 
enough to trigger the assay response, providing double selectivity. 
The above results support that ERα successfully binds to the ERE- containing dsDNA, 
which has been previously exposed to CCPE. To better understand the impact of 
CCPE on the protein-DNA binding, we employed fluorescence polarisation (FP). This is 
an analytical method that provides information about biomolecular interactions by 
measuring the degree of a fluorophore polarisation,413 which is inversely proportional to 
the fluorophore rotation when is undergoing Brownian motion. When a protein binds to 
a dye-labelled dsDNA, the larger volume of the complex hinders the fluorophore 
movement, increasing its fluorescence polarisation.414 Fig. 7.6 plots the FP of the FAM-
labelled probe 2 (a dsDNA that contains the ERE binding site) under different 
conditions. Firstly, the addition of CCPE does not significantly affect the probe 2 FP. 
The difference between CCPE and probe 2 molecular masses is so big (i.e. 1.05 and 
21.4 kDa, respectively) that the formation of dsDNA-CCPE does not hinder the probe 2 
movement and rotation. Secondly, the addition of a non-binding protein, such as BSA, 
does not affect the probe 2 FP either, because no complex is formed. However, the 
addition of ERα (molecular mass of 65 kDa)415 increases the FP from 80 to 98.5 mP, 
due to the formation of ERα-dsDNA complex. Similar results are obtained when the 
probe 2 is previously exposed to CCPE, where the addition of ERα increases the FP 
from 81.5 to 99.5 mP. Those results confirm that (1) ERα can bind to its binding site, 
even when the dsDNA is part of the dsDNA-CCPE hybrid, and (2) the ERα-DNA 
binding is similar in the absence or presence of CCPE. 
 
Fig. 7.6. Fluorescence polarisation of FAM-labelled dsDNA in the presence and absence of CCPE, ERα and BSA. 
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7.4 Conclusions  
 
In the present work, we have developed a three step analytical assay capable of 
characterizing the binding of transcription factors to dsDNA that contains their binding 
sites. The system is made of dsDNA, CCPE and GO and exploits the exceptional 
optical properties of CCPE (i.e. strong fluorescence, light-harvesting and high quantum 
yield) and the superquenching capabilities of GO. The assay relies on the decrease of 
electrostatic repulsion between GO and dsDNA-CCPE upon protein binding, which 
increases the fluorescence quenching. ERα has been used as case study and two 
related transcription factors, i.e. FoxA1 and AP-2, are used as controls. Those control 
experiments confirm that the protein-DNA binding and the protein positive charge are 
the two assay key factors, which provide double selectivity against other proteins. FP 
measurements prove that the adsorption of dsDNA on CCPE does not interfere in the 
protein binding. The fast and the easy-to-use nature of the hybrid system, which does 
not rely on complex surface modifications or enzyme-based signal generation, and its 
high accuracy make of this assay a promising analytical method for large-scale protein-
DNA biomedical research. 
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Chapter 8 
 
 
Conclusions and Future Work 
 
 
This chapter offers an integrated view of the whole work described in the previous 
chapters and different opportunities and directions to further continue with this 
research.   
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8.1 Conclusions  
 
The work described in this thesis focuses on the development of new metal 
nanoparticle-based techniques to face current challenges in the field of biosensing and 
bio-inspired materials. To achieve those objectives, the research has been performed 
in three stages: (1) synthesis and growth mechanism studies of anisotropic gold 
nanoparticles, (2) development of novel sensing assays for medical diagnosis and (3) 
expansion to other biological applications. 
In the first stage, a new synthetic protocol for the growth of AuNRs has been 
developed. The motivation of this work stems from the controversy surrounding the 
factors that promote the anisotropic growth in the AuNR synthesis. Early reports 
hypothesized that the surfactant acted as soft-template,57,203 since CTAB had been 
reported assembling into rod-like micelles under specific conditions.210 Nevertheless, 
new reports published in the following years supported the role of silver ion as a main 
anisotropic promoter factor,247,416 overshadowing the contributions of CTAB. Chapter 3 
presents the effect of Hofmeister salts, which interact and change the rheological 
properties of CTAB micelles, in the growth of AuNRs. This research proves that high 
control over the AuNR dimensions and optical properties can be achieved by 
introducing low concentrations of Hofmeister salts into the seed-mediated protocol 
second step, where the AuNRs grow from seeds. Furthermore, the first cryo-TEM 
imaging of the surfactant micelles under growth conditions allowed to observe that the 
CTAB micelles were mainly sphere-shaped in all growth solutions. The addition of salt 
increased the overall micelle size by increasing the non-spherical micelle population, 
although spherical shape was still the predominant one. Therefore, the key parameter 
in controlling the final rod morphology was the micelle packing rather than the micelle 
rod-shape. Those observations proved that even though silver ion may be the key 
component in the anisotropic growth, CTAB micelles also play an important role on 
defining the final morphology of the nanoparticles.  
In the second stage, AuNRs (and other anisotropic gold nanoparticles) were employed 
for sensing and disease prevention. Specifically, two analytical assays have been 
developed following two novel strategies: (1) in situ growth sensing260,263 and (2) 
inverse sensitivity.319  
In situ growth sensing assays combine both nanoparticle synthesis and sensing step, 
where the presence of the analyte in solution controls the growth of the nanoparticles. 
Previous in situ growth sensing designs relied on enzyme-based signal 
generation,260,263  which increased the design complexity and experimental times. 
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Chapter 4 describes that the physicochemical changes induced by UV light on a 
photoresponsive fluid can control the growth and optical properties of AuNRs and 
AuNWs. Therefore, the growth of those nanoparticles in the photorheological fluid can 
be used as assay for UV exposure detection. Furthermore, those UV exposure levels 
are correlated to the minimal dose to induce erythema, expanding the analytical assay 
to disease prevention tool. 
Chapter 5 reports a plasmonic nanosensor with inverse sensitivity (i.e. the lower the 
analyte concentration, the higher the response intensity) for cell-free DNA, a promising 
circulating biomarker to monitor therapeutic response and disease progression.313–315 
The inverse response is achieved by exploiting the unusual dsDNA concentration-
dependent AuNR aggregation.  The LOD and dynamic range of this technique are 
easily adjusted by changing the AuNR concentration in solution. The inverse sensitivity 
response provides higher reliability at low concentration detection. This overcomes one 
of the main limitations of conventional sensors, which require signal amplification 
techniques to cover all the physiological cell-free DNA concentration range.    
In the third and final stage, the work presented in the previous chapters is expanded 
into two different directions. First, Chapter 6 describes a hybrid system built with 
AuNRs and ERE-containing dsDNA that is capable of measuring the binding of ERs to 
their response elements. The mechanism behind the system relies on the interprotein 
interactions between bond ERs, which trigger the rod aggregation and change their 
optical properties. The combination of binding and non-binding proteins with the hybrid 
system yields the first method that performs logic operations by mimicking transcription 
factor’s gene regulation. This system is capable of performing six different logic 
operations (i.e. OR, NOT, A IMPLY B, BUFFER, TRUE and FALSE) by changing the 
design set-up. This overcomes one of the main limitations of traditional nanoscale logic 
gates, which perform only few logic operations on the same platform. 
Second, Chapter 7 explores the use of alternative plasmonic nanomaterials, such as 
GO, which presents different physicochemical properties than AuNRs. By combining 
GO and CPEs, a new analytical assay capable of characterizing the binding of 
transcription factors to DNA is built. The combination of both CPE optical properties 
and GO super quenching capabilities results on a promising fast and easy-to-use 
biosensing technique. This overcomes the main limitations of previous protein-DNA 
binding analytical assays, such as complex surface modifications,156,157 enzyme-based 
signal generation406 and non-specific interaction interferences.402   
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8.2 Future work  
 
The work presented in the previous chapters can be expanded into different exciting 
directions.  
First, the in situ growth design studied in Chapter 4 is the first step towards a new kind 
of portable plasmonic health care tools. Future efforts should be done in the system’s 
set up in order to make it wearable. Some examples already exist in the field of 
electrochemical417,418 and fluorescent419 biosensors. Additionally, other MNP that 
absorb in the visible region of the spectrum should be studied in order to facilitate the 
detection by naked eye. 
Second, there are other very promising novel circulating cancer biomarkers (e.g. 
microRNA,420 circulating exosomes,421 circulating tumour cells422 and circulating tumour 
DNA423) that are still a challenge in the field of analytical chemistry. Even though the 
cfDNA inverse sensitivity assay presented in Chapter 5 is not directly transferable to 
the other biomarkers, the inverse sensitivity strategy using plasmonic nanomaterials is 
an encouraging tactic to reach the low limit of detections required for those analytes. 
The combination of microfluidics and the designs published by Stevens et al.260,319 is a 
good starting point for the quantification of biomarkers such as exosomes and 
circulating tumor cells by inverse sensitivity strategy. However, the experimental times 
have to be greatly optimized.  
Finally, it is expected that the combination of the multi-logic gate platform described in 
Chapter 6 with microfluidic technologies could result in a lab-on-chip system capable of 
performing more demanding logic operations, such as the combination of different logic 
gates and reset the system for several consecutive operations. This would result on a 
biosystem capable of performing simple computing tasks. 
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